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The intraventricular pressure curve of the mammalian heart is a graphic 
record of the tension developed by an after-loaded muscle. Its form, 
amplitude and duration are determined, therefore, in part by dynamic 
conditions which affect the load; in part also by inherent modifications 
of the contraction process itself. When the pressure curve is recorded 
by apparatus of adequate efficiency, it has a distinctive contour which 
has been described and analyzed by several investigators (deHeer, 1912; 
Piper, 1913-1914: C. Tigerstedt, 1913-1914; Garten, 1915, and Wiggers, 
1921). Hitherto this has been done on the assumption that all fractions 
of muscle enter into the contractile state simultaneously or nearly so. 
The experiments of Erfmann (1913) indicating that all points on the ven- 
tricular surface are negative approximately at the same time, seemed to 
form an experimental foundation for such a view. These observations 
were not substantiated, however, by Lewis and Rothschild (1915), who 
found, on the contrary, that intrinsic negativity appears over different 
points of the ventricular surface at appreciably different times. If this 
be true the normal intraventricular pressure curve may not be regarded 
as an addition of ultimate contractions in phase but as a summation of 
many rapidly succeeding fractionate contractions.! 

In view of the fact that the only existing observations as to the incidence 
of ventricular negativity are at variance, it seemed important to reinvesti- 
gate this question before attempting a further analysis of the intraven- 
tricular pressure curve. 

Metuops. The negative potential developed at various points on 


1 The term ‘‘fractionate contraction’? was introduced by the writer (1916) to 
designate the contraction of the smallest imaginary units of muscle tissue. 
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the ventricular surface was recorded in rapid succession and in conjunc- 
tion with intraventricular and aortic pressure curves. The experimental 
procedure employed has recently been described in detail (Wiggers, 1925). 
Suffice it to recall that the unipolar method of leading was adopted. Six 
to eight cotton threads, soaked in saline, were stitched to the epicardium 
and tied to non-polarizable clay electrodes. These, in turn, were con- 
nected to a rotary switch which made it possible to connect each point 
in succession with the thread of a string galvanometer, the circuit in each 
case being completed through an indifferent electrode placed beneath the 
skin of the neck region. In this way, the incidence of negativity as re- 
lated to the pressure curves could be recorded from eight different points 
in an interval, less than 2 minutes. 

After each experiment the heart with threads 
attached was excised and an outline sketch show- 
ing the exact location of threads was made. 
Figure 1, which shows a sketch of the areas in 
which threads were attached, also explains the 
system of enumeration employed in the leads. 
The interval between the appearance of nega- 
tivity at any two points, which measures the 
difference in their excitation, is designated as the 
interpunctal interval. Thus, the interpunctal in- 
terval, 3-1 (fig. 1) gives the difference in excita- 
tion between left ventricular apex and base and 
similarly the interval, 5-8, indicates the time dif- 

Fig.1. Sketch, showing ference in the excitation of the “central area’’ of 
position and extent of the right ventricle and the pulmonary conus. 
areas within which punc- As the records of punctate negativity were ob- 


tate leads were taken in ¢ained in succession some standard of comparison 
different experiments in- 


corporated in table 1, and 
also giving system of be used: 
enumerating leads. Method I. The intervals between the earliest 
intrinsic deflections (taken at the moment of the 
first sharp upstroke) and the first elevation of intraventricular pressure 
during ventricular systole are determined and compared. When intrinsic 
negativity precedes the rise of pressure the figure is indexed with a plus 
sign; when it follows, by a minus sign. The algebraic difference gives the 
interpunctal interval. Specimen records in which this method was em- 
ployed may be seen in an earlier communication (Wiggers, 1925). 
Method II. The right auricle is artificially stimulated by rhythmic 
break induction shocks delivered at a rate slightly in excess of the natural. 
The instant of stimulation is directly recorded on the electrocardiogram 


must obviously be employed. Two methods can 


as well as by a sensitive electric signal in circuit with the primary coil. 
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The interval between the moment of auricular stimulation and the ap- 
pearance of intrinsic negativity over different points on the ventricular 
surface is measured. The difference between any two of these con- 
duction intervals gives the interpunctal interval. On the whole, this 
method is the preferable one not only on account of the greater ease in 
making calculations but also because possible effects of heart rate changes 
are avoided. For typical records the reader is referred to the illustrations 
of the succeeding article in this issue. 

Resutts. I have recently (1925) published—but in support of quite 
another argument—data from 21 experiments showing the relation of 
intrinsic negativity over various surface areas to the rise of intraventricular 
pressure (method I). The results already presented show clearly that 
intrinsic negativity does not develop over the whole ventricular surface 
in constant relation to the elevation of intraventricular pressure. From 
these data the magnitude of the interpunctal intervals—which gives an 
index of the time required for the excitation of separate areas—can readily 
be determined. Such calculations show that the interpunctal intervals, 
3-1 (left apex and left base) range from 0.003 to 0.023 second, averaging 
0.013 second; the interpunctal intervals, 5-1 (central area of right ventri- 
cle and left base) show differences of 0.106 to 0.03 second, averaging 
0.123 second. 

In table 1, accompanying this paper, results from 21 other experiments 
are presented in which the conduction intervals from auricle to different 
points on the ventricular surface were determined by the second method. 
From these values the interpunctal intervals given in table I were cal- 
culated. 

A perusal of this table shows that without exception the wave of nega- 
tivity reaches the central area of the right ventricle first (area 5). With- 
out exception, the apex of the left ventricle (area 3) is negative before the 
basal portions of the anterior ventricular surface (area 1) and as a rule, 
also, before the middle aspect of the left anterior surface (area 2). There 
is some variation in the latter, however. In one experiment (C354) the 
apex is negative slightly later than the middle of the left ventricle and in 
2 experiments (C357, C362) these regions are negative practically simul- 
taneously. On the whole, however, these data as well as those pre 
viously reported confirm the observations of Lewis and Rothschild (1915) 
as to the sequence in which the anterior surfaces of the heart are excited. 

For our purpose, the real significance of this table lies in the magnitude 
of the interpunctal intervals. The greatest differences on the right and 
left ventricles respectively, as well as the greatest interpunctal intervals 
over the entire surface, are shown in the last 3 columns. A comparison 
of the interpunctal intervals, 3-2, shows that as a rule there is little dif- 
ference in the incidence of surface negativity over the apical and middle 
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anterior portions of the left ventricle. A comparison of the interpunctal 
intervals, 3-1, shows however, that in 8 experiments the values ranged 
from 0.013 to 0.023 second, averaging 0.0185 second. 

Similar differences were found on the right ventricular surface. In 
3 experiments (C352, C353, C365) the interpunctal intervals, 5-7, ranged 
from 0.008 to 0.013 second, and in 7 experiments (354, ©3956, ©3957, 
(358, C361, C363, C376) from 0.012 to 0.022 second, averaging 0.017 
second. In 11 experiments where the interpunctal intervals, 5-8, or 
6-8, were calculated they ranged from 0.016 to 0.033 second, averaging 
0.018 second. In the last column of table 1 the greatest interpunctal 
intervals obtaining in the anterior surface of the heart are recorded 
These data show that these interpunctal differences range from 0.012 
to 0.04 second, averaging 0.021 second. 

In this survey of the excitation of the ventricular surface, which for 
experimental reasons was limited to their anterior aspects, it was found 
that differences of about 0.02 second occur. Inasmuch as the interven- 
tricular septum is undoubtedly excited considerably in advance of the 
central area of the right ventricle and as the more basal regions on the 
posterior aspect of the left ventricle are probably excited still later, these 
values by no means express the extreme differences between the excita- 
tion of the first and last fractions of ventricular muscle. 

These observations, therefore, confirm those of Lewis and Rothschild 
(1915), and supply corroborative evidence that the ventricular contrac- 
tion in the mammalian heart must be regarded as a resultant of a rapid 
series of fractionate contractions which neither begins nor ends synchro- 
nously. 

THE INTERPRETATION OF THE VENTRICULAR PRESSURE CURVE. In 
1920 Koch presented a theoretical conception as to how summated frac- 
tionate contractions of the frog’s ventricle enter into the composition of 
the contraction curve recorded by the suspension method. It is not diffi- 
cult to adapt such a conception to the intraventricular pressure curve and 
we may attempt its analysis on a somewhat similar basis. To facilitate 
such an analysis let us assume 1, that normally an interval of 0.036 second 
elapses between the excitation of the first and last muscular fractions in 
the left ventricle; 2, that the isometric contractions of all units produce 
equal and similar effects on intraventricular pressure, and 3, that this 
effect can be expressed by a curve of isometric fractionate contraction, 
which is somewhat similar in form to that obtained from skeletal muscle 
(Fulton, 1925). The general contour of the fractionate contraction curve 
adopted is in harmony with the known facts of isometric contraction in 
skeletal muscle as determined by Fulton (1925) and accords also with 
approximately isometric contractions recorded by the writer from points 
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on the auricular surface. The curve chosen starts abruptly, continues as 
a straight line for 0.04 second, becomes convex to the abscissae, reaching 
its catenary in another 0.06 second and then continues as a straight line 
for another 0.02 second. It then relaxes abruptly in an are concave to 
the base line (cf. curve a-a', fig. 2). The precise details of the assumed 
fractionate curve are, however, relatively unimportant; indeed, the 
facts which it is sought to establish hold equally well if we adopt a curve 
with an essentially different contour. 

We may plot a series of such fractionate curves at equidistant intervals 
on coérdinate paper and, by their algebraic summation, construct a resul- 


Fig. 2. Diagram showing how successive fractionate contractions (a-a’, b-b’, 
etc.) when summated produce an isometric intraventricular pressure curve, p, from 
which the after-loaded curve, p?, is derived. Discussion in text. 


tant pressure curve, keeping in mind that an innumerable number of 
similar curves must be thought of as interposed between them at ex- 
ceedingly minute intervals. 

Figure 2 shows curves accurately constructed on cross section paper in 
this manner but with coérdinate lines eliminated for reproduction. Four 
such fractionate curves (a, 6, c and d) are laid off so that their respective 
contractions and relaxations follow each other by 0.012 second; in other 
words, we assume that all fractions have been excited within 0.036 second. 
The points, a', b', c! and d', indicate the moments of their abrupt relaxa- 
tion. Algebraic summation of these several fractionate curves during con- 
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traction and relaxation results in the isometric pressure curve theled J 


On this curve, all fractions have entered a contractile phase 


point n and all fibers have begun to relax at Inasmuch Ss, In the bod 

the semilunar valves open and close at o and + respectively, the full pres- 

sure maximum is never reached, and the curve acquires a dome th 
lower and more rounded, a form that may fairly be pictured as the 


curve —op 

It is obvious that, hy such algebraic summation OF a series Of tractlonate 
contractions, having an entirely different contour, it Is possible to con- 
struct an intraventricular pressure curve, which ts not dissimilar to those 
actually obtained experimentally under good circulatory conditions 


fig. 3 


hig. 3. Aortic (upper) and ventricular (middle) pressure curves together with 


electrocardiogram (lower) recorded on rapidly moving paper Puning fork 0.02 
second, Discussion in text } actual size N. B. Letters m and should be re- 
versed to accord with fig. 2 and text deseription 


Such a construction supplies the key to the interpretation of certain 
details of the pressure curve which have hitherto remained imperfectly 
understood. The pressure curve begins with a concave elevation of pres- 
sure which often appears to become appreciably steeper at m but which 
does not reach its eatenary until the point n. This early phase of gradually 
increasing tension has previously been interpreted as due to the closure 
of the A-V valves (Wiggers, 1921). This explanation does not hold, for 
the change is much too graduel and the inflection point persists almost 
unaltered when the A-V valves are rendered insufficient. Indeed, as I 
have shown in collaboration with Feil (1922) this portion of the isometric 
pressure curve is affected very little by valvular insufficiency. Accord- 
ing to the theory of summated contractions, this concave phase of pressure 
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elevation Is accounted for by the entrance of new fractionate contractions 
and the inflection to a straight line at  oecurs as soon as all fractions 
participate in the contraction. This early phase of isometric contrac- 
tion (fig. 35, up to 7) may, therefore, be designated as the entrant phase. 

If such an interpretation is correet we may expect a certain relationship 
between the greatest interpunctal differences on the surface and the 
duration of this entrant phase. I have estimated their relationship care- 
fully and arranged the results of 11 experiments successively in table 2. 

A glance at this table shows that, on the whole, the duration of the en- 
trant phase increases as the interpunctal intervals become longer. The 
differences which range from 0.005 to 0.023 second and average 0.013 
second are quite as constant as can he expected when we take into con- 


PABLI 
C386 X 0.018 0.028 0.010 
C382 II 0.020 0.031 0.011 
(‘373 1\ 0.020 0.037 0.017 
C372 I 0.023 0.033 0.010 
C381 1 0.023 0.036 0.013 
(375 I 0.023 0.046 0.023 
(‘387 VI 0.026 0.034 0.008 
C384 XVII 0). 027 0.032 0.005 
(°347 II 0.030 0.040 0.010 
(348 II 0.080 0.051 0.021 
(350 TN 0.044 0.054 0.010 


(Average difference 


sideration the fact that the points from which intrinsic deflections were 
led, naturally varied somewhat in different dogs. 

We may continue our analysis of the pressure curve, shown in figure 3. 
rom n the pressure ascends as a straight line until the opening of the 
semilunar valves at 0. With the rapid expulsion of blood, the ventricle 
contracts in an approximately isotonic or, more strictly, in an allassotonie 
manner, Since the gradient and contour of the ascending limb of the 
dome and, also, the actual moment when the pressure summit is reached 
are determined by the balance between cardiac and peripheral physical 
factors, little information as to the details of muscle activity can be ob- 
tained from this early portion of the dome. Katz and I (1922) have 
demonstrated by means of volume curves, however, that after the point 
of maximum pressure has passed, the velocity of systolic discharge de- 
creases rapidly and progressively until, a short interval before the end of 
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systole, no blood is being expelled. In other words, during the descending 
portion of the dome (p-r) the ventricular contraction approaches an iso- 
metric character again, and gives a measure of evidence, at least, as to 
muscular activity in the ventricle. 

This latter portion of the pressure dome, therefore, demands closer 
study and comparison with theoretical curves constructed as the result- 
ant summation of fractionate curves. The sharp fall of pressure at 
(ef. figs. 2 and 3), corresponding to the beginning of the incisura in the 
aortic pulse and responsible for the sudden closure of the semilunar valves, 
is our best index of the end of dynamic systole. Is it also the end of all 
contraction in the ventricle? While theoretical considerations indicate 
that it is, experimental facts do not warrant the conclusion that it is more 
than a reasonably close approximation of the time when all contraction 
ceases in the ventricle. A careful inspection of records taken on rapidly 
moving paper (e.g., fig. 3) shows that this is not the first pronounced 
bend in the curve toward the end of systole. In fact, after a point 
approximately placed at gq, the declining limbs of both the aortic and 
ventricular pressure curves show evidence that tension energy is being 
subtracted in progressively increasing amounts. This progressive diminu- 
tion of tension toward the end of systole may, of course, be interpreted 
as a characteristic of cardiac muscle when contracting under approxi- 
mately isometric conditions; if so, we must assume that the contrac- 
tion of cardiac muscle is different from the strictly isometric contrac- 
tion of skeletal muscle recorded in an accurate manner (Fulton, 1925). 
On the other hand, these characteristic effects during late systole may 
clearly be explained by the fractionate offset of contractions. Thus, in 
the summated curve of isometric fractionate contractions shown in figure 
2 as curve I, the summit p is reached when all fractions enter into the 
contraction process, but as fractions gradually pass into a state of relaxa- 
tion, the gradient of fall becomes progressively steeper until the point r 
is reached. Such a gradual lapse of fractionate contractions probably 
also manifests itself in the latter part of an after-loaded contraction (p’) 
especially as the ventricular contraction at this time approaches more and 
more nearly the isometric state. 

This conception of a progressive and systematic deletion of fractionate 
contractions before ventricular systole actually ends is also supported by 
the fact that the T-wave of the electrocardiogram not only begins but 
even reaches its crest (or trough) long before the end of systole as marked 
by the incisura (fig. 3). Whatever explanation of the T-wave we choose 
to accept we always return to the fundamental assumption, more or less 
vaguely expressed, that it must ultimately be occasioned by the fact 
that some contractions cease before others. The interpretation of the 
intraventricular pressure curve on the basis of fractionate contractions 
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out of phase alone permits a concrete correlation of the electrical and 
dynamic changes arising in the ventricles toward the end systole. 

The observation that the T-wave does not bear a constant relation to 
the end of systole (Garten, 1915) and that mechanical and electrical sys- 
toles do not vary consistently (Bartos and Burstein, 1924) does not invali- 
date the conclusion. The T-wave is a resultant effect produced by the 
progressive offset of contractions in the two ventricles which do not, 
however, proceed at the same rate and as Katz (1925) has shown, result 
in an asynchronous termination of mechanical systole on the two sides. 
Consequently, it appears to be entirely a matter of chance if the duration 
of the electrical systole of the whole heart corresponds to or varies propor- 
tionately with the mechanical systole calculated from a single ventricle. 
It follows from this analysis that the duration of dynamic systole, cal- 
culated from the beginning of the intraventricular pressure curve to the 
onset of the incisura, represents approximately the interval from the onset 
of the first to the end of the last fractionate contraction; it does not give 
the actual time that each fraction remains contracted. However, this 
fractionate contraction period may also be assessed by taking the interval 
from the inflection at n to the beginning of the incisura at r. 


SUMMARY 


The incidence of intrinsic negativity over different regions of the ven- 
tricular surface was recorded by unipolar leads and in conjunction with 
the pressure curves from the ventricles and aorta. The observation of 
Lewis and Rothschild (1915) that the anterior surface of the ventricles 
is excited at appreciably different times was confirmed. Roughly speak- 
ing, the interpunctal intervals between the base and apex are a little less 
than 0.02 second. As the interventricular septum and posterior basal 
aspects of the ventricles are undoubtedly excited, respectively earlier and 
later, than the anterior surfaces, these values do not express the extreme 
differences in the excitation of the first and last fractions of ventricular 
muscle. The intraventricular pressure curve may, therefore, not be re- 
garded as an addition of ultimate contraction in phase but as a summation 
of rapidly succeeding fractionate contractions. 

The intraventricular pressure curve is analyzed on this basis and it is 
suggested that the early concave rise of pressure is an index of the time 
required for all fractions to enter into the contracting state. Data are 
presented which show that, in general, the duration of this phase of entrant 
contractions varies as the interpunctal intervals. These give the differences 
in the development of intrinsic negativity on the anterior ventricular 
surface. Attention is directed to the fact that the incisura of the pressure 
curve remains our best criterion as to the termination of all fractionate 
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contractions but that previous to this many fractions have progressively 
ceased their contraction and entered into relaxation. This harmonized 
with the interpretation of the T-wave of the electrocardiogram which not 
only begins but reaches its crest or trough long before the end of dynamic 
systole is reached. 

The duration of dynamic systole calculated by standard methods for 
either ventricle represents very closely the interval which elapses between 
the inception of the first fractionate contraction to the end of the last 
fractionate contraction in the ventricle. The fractionate contraction 
period (i.e., the interval that each unit of ventricular muscle remains in 
a contracted state) is approximated by the interval from the point of 
inflection to the incisura. 
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It has been shown that many experimental procedures—among them 
changes in venous return, alterations in aortic resistance and variations in 
heart rate—affect the vigor and duration of ventricular contraction as 
interpreted by intraventricular pressure curves (for references cf. Wiggers, 
1922, a). I have been continually impressed by the fact that there is no 
definite relationship between gradient, amplitude and duration of contrac- 
tion. Thus, an increased ventricular filling—resulting either from an 
augmented venous return or from a prolonged diastole—produces an 
increased intraventricular pressure maximum and a steeper isometric 
rise of pressure which is accompanied by a prolongation of systole. On the 
other hand, an increased aortic resistance, which likewise produces an 
increased pressure maximum, causes an abbreviation of systole. 

It is generally assumed that such changes in the pressure curve offer 
evidence that somewhat corresponding effects occur in the ultimate units of 
ventricular muscle. This would be true if all fractions of the ventricular 
myocardium contracted in phase. This is not the case, however, in the 
mammalian ventricle, for Lewis and Rothschild (1915) have demonstrated, 
what it has recently been my privilege to confirm (1926), that the differ- 
ent sections of ventricular muscle are not excited simultaneously. Conse- 
quently, the intraventricular pressure curve may not be regarded as an 
addition of ultimate contracting units in phase but as a resultant summa- 
tion of a series of successive fractionate contractions. Under these con- 
ditions it is conceivable that the gradient and duration of the contraction 
as given by the pressure curve might alter if the rate of excitation of the 
individual ventricular fractions occurs more or less rapidly than is normally 
the case. In the communication of Koch (1920) referred to in a preced- 
ing paper, he presents a theoretical discussion in which it is shown that a 
more rapid rate of ventricular excitation can cause a steeper gradient, 4 
higher summit and a shorter duration of the suspension curve from a frog’s 
ventricle without the form or duration of the ultimate fractionate contrac- 


tion being affected, while a slower sequence of fractionate contractions 
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DYNAMICS OF 
leads to opposite effects in the summated curve, similarly. It is easy to 
theorize that this may also be true in the case of the intraventricular pres- 
surecurve. Thus, in figure 1 B,a series of fractionate contraction curves are 
plotted 0.012 second apart and all fractions are supposed to have entered 
into the contraction process within 0.036 second. Algebraic summation 
yields the intraventricular pressure curve /, A. In figure 1, C, a series of 
fractionate contraction curves having the same form and duration are 
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Fig. 1. Diagram showing the influence of different rates at which fractionate 
contractions are summated on the contour and duration of the isometric pressure 
curve of the ventricle (discussion in text). 


similarly plotted but in such a way that they are 0.008 second apart, 
thereby reducing their time of entry to 0.024 second. Algebraic summa- 
tion yields the isometric curve JJ, A. A comparison of curves J and JJ 
shows that a more rapid summation of fractionate contractions causes, a, 
earlier and lower inflection from a concave to a straight line, b, a steeper 
pressure gradient, ¢, an earlier termination of systole, and d, a more rapid 
rate of isometric relaxation. Opposite effects are produced when the 
entry of fractionate contractions is retarded. 
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There are experimental reasons for suspecting that such variations in 
the speed of fractionate summations may indeed affect the form and 
duration of the pressure curve, and may possibly account for the lack of 
relationship before mentioned. In 1925, I pointed out that the slower 
entry of fractionate excitation, which occurs when the ventricle is directly 
excited by an artificial stimulus, has a marked effect on the gradient, ampli- 
tude and duration of the pressure curve. In the preceding paper, I have 
salled attention to the facts 1, that the differences in surface negativity 
as determined by the interpunctal intervals vary in different animals, and 
2, that the length of these intervals corresponds quite well with the length 
of the entrant phase as determined by the point of inflection of the isomet- 
ric pressure curve to a straight line (Wiggers, 1926). It remains for clear 
cut experimental work, however, to determine to what extent, if any, 
alterations of ventricular conduction and excitation do occur in the same 
heart when experimental conditions are altered and how far phasic change 
in the incidence of fractionate contractions, rather than fundamental 
variations in their form and duration, determine the dynamic consequences. 
This is indeed of fundamental importance for if the reactions of the heart as 
determined by experimental conditions are not solely referable to altera- 
tions in the character of the ultimate fractionate contractions many of our 
interpretations must be revised. 

Mernuop. The heart rate was kept constant by the application of rhyth- 
mic break induction shocks to the right auricle, except as noted in special 
cases. Left intraventricular and aortic pressure curves were recorded by 
optical manometers and the phases of the systolic period were calculated as 
in previous work (Wiggers, 1922) with the exception that the phase of 
entrant contraction as defined in the previous paper was added. Syn- 
chronously with these pressure curves, the incidence of intrinsic negativity 
over various regions was registered. The experimental method by which 
this was accomplished and the numerical system by which different areas 
of the ventricle are designated have been detailed in previous papers (Wig- 
gers, 1925, 1926). 

Figures 2 to 5 show specimen records. The moment of auricular stimu- 
lation was signaled both by the upstroke of a magnet and by a sharp 
deflection on the electrographic curve. The time interval between this 
recorded point of stimulation and the first sharp upstroke of the electro- 
graphic curve (intrinsic deflection) gives the time interval required for the 
impulse to pass from the auricle to a fixed point on the ventricular surface. 
Thus, in figure 2, it required 0.185 second for conduction of the impulse 
from the auricle to the basal anterior surface of the ventricle (area 1); 
0.176 second to reach the apex of the left ventricle (area 3); 0.159 second 
to reach the central area of the right ventricle (area 5), etc. The differ- 
ences between these values give the “‘interpunctal intervals’’ which serve 
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as an index of the speed of fractionate excitation. Such readings were 
uniformly made from 6 or 8 points of the ventricular surface, partly in 
the nature of checks, partly to make certain that no regions displaying 
variations in conduction were overlooked. Attention may be called to the 
fact that in the establishment of such conduction intervals it is desirable 
to measure 4 or 5 successive beats inasmuch as occasionally a much shorter 
interval occurs owing to an occasional escape of current to the ventricle. 
Such shortened intervals are indicated in the records of figures 2 to 7 
by an asterisk (*). 

THE EFFECTS OF INCREASED ARTERIAL RESISTANCE. Changes in arterial 
resistance are most readily induced by applying to the thoracic aorta a 
clamp that can be closed to a varying extent by means of a screw thread. 
Two or three series of optical pressure records and electrical variations 
were first obtained as controls, while the heart rate was kept constant by 
rhythmic break stimuli applied to the right auricle. The aorta was then 
compressed to a point where a distinct elevation of diastolic pressure oc- 
curred. In a few instances continuous records showing the immediate 
effects were taken. Specimen records are shown in figures 2 and 3, the 
former being a control and the latter showing the effects after partial aortic 
compression. In each case the calculated intervals for the phases of sys- 
tole, entrant phase, isometric contraction, ejection, as well as total systole 
and cycle length, are written directly beneath the pressure curves. On 
the electrograms beneath the pressure records, the conduction intervals 
from the auricle to different areas of the ventricular surface are likewise 
given. 

The effects on the pressure curves are characteristic and agree with 
those which have been previously described. The isometric contraction 
phase (a—c) is prolonged (0.050 < 0.059 sec.); but there is an abbreviation 
of systolic ejection (0.155 > 0.136 sec.) and of total systole (0.250 > 0.195 
sec.) while the cycle remains unchanged. These effects may conceivably 
be due to an increased conduction rate and consequently a more rapid 
summation of fractionate contractions, or they may arise from specific 
changes in the fundamental fractionate contractions. 

The pressure curve itself indicates, however, that phasic changes in the 
fractionate contraction are not concerned, for the duration of the phase of 
partial contraction (a—b) is not abbreviated and the inflection at b does 
not occur at a lower level as we should anticipate if the dynamic changes 
were due to an accelerated summation (cf. fig. 1). 

This is also corroborated by a study of the conduction periods. A com- 
parison of the conduction times in corresponding leads (/, 3, 4, 5, etc.) 
shows that conduction from auricle to ventricle is slightly delayed, but in 
such a way that the interpunctal differences remain quite constant. Thus, 
the interpunctal interval, 3-1, changes from 0.009 to 0.007 second; the 


16 CARL J. WIGGERS 


interval; 3-4, is unchanged ; the interval, 5-7, changes from 0.016 to 0.017 
second, while the interval, 5-8, increases from 0.023 to 0.025 second. 
The greatest differences are not more than 2 ¢ which may be considered 
within limits of error incurred in measurement. 

Analyses for the total of 10 experiments made in a similar way are 
incorporated in table 1. In every instance aortic compression was ac- 
companied by a steeper pressure rise, a prolonged isometric contraction, 
and with one exception, by a reduction in the phase of systolic ejection. 
As shown in the table there is rarely an abbreviation of the phase of en- 
trant contractions (a—b), in fact, in more cases this appears to be slightly 
prolonged. Owing to the great difficulty in accurately determining the 
point, b, all of these variations are within limits of experimental error. 

The results vary somewhat as regards the A-V conduction interval. In 
some cases this remains unaltered, in others it is slightly prolonged. In 
the latter case, however, the changes are quite equal in different areas of 
the heart, so that the interpunctal intervals are very slightly, or not at all, 
affected. The fact that the changes in either direction equal only a few 
o and that typical dynamic changes occur within the ventricular pressure 
curve, is evidence that changes of intraventricular conduction play no 
essential part in determining changes in contour, amplitude or duration of 
the contractions as determined by the intraventricular pressure curves. 

We must, therefore, conclude that the specific effects of an augmented 
arterial resistance on the ventricular pressure curve, especially the greater 
amplitude and shorter duration are due to a summation of augmented 
fractionate contractions with shortened contraction phases. 

THE EFFECT OF INCREASED VENOUS RETURN. The influence of increasing 
the diastolic volume and initial length of ventricular muscle by increasing 


Fig. 2. Normal aortic and intraventricular pressure curves with intrinsic elec- 
trical deflections from 6 points on the ventricular surfaces recorded in rapid suc- 
cession and enumerated in accordance with diagram shown as figure 1 in preceding 
article. Actually each electrical record was accompanied by pressure curves such 
as are shown at the top but, as these were exact duplicates of the one shown, the 
electrical records were cut off and matched with the beginning of dynamic systole 
at points indicated by white arrows. Moment of auricular stimulation indicated 
by upstroke of signal record and by sharp deflections on curve (e.g., curve 7). Nu- 
merals on curves indicate measured A-V conduction intervals to points correspond- 
ing to curve number. Numerals below pressure curves are in order: duration of 
entrant phase (a-b), of isometric contraction (a-c), of systolic ejection, of total 
systole and cycle length. 

Fig. 3. Curves as in figure 3—during partial aortic compression. Discussion in 
text. Labels are as in figure 2. 

Fig. 4. Curves as in figure 2—during saline infusion. Discussion intext. Labels 
same as in figure 2. 

Fig. 5. Curves as in figure 2—marked dilated stage of infusion. Discussion in 
text. Labels as in figure 2. 
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the venous return was tested, as in the past, by infusing a solution of 
normal saline at body temperature. In these experiments the heart rate 
was also kept constant by artificial stimulation of the auricle by means of 
break induction shocks. As previously pointed out (Wiggers and Katz, 
1922; DeGraff and Sands, 1925) a gradual infusion often causes no change, 
or at most, only a slight elevation of diastolic pressure, owing to the fact 
that changes in aortic resistance are usually avoided by the coincident 
reduction of viscosity. 

In these experiments it seemed desirable, however, to give the infusion 
somewhat more rapidly, with the result that diastolic pressure occasionally 
rose slightly. To obviate this, the thoracic aorta was slightly compressed 
by a screw clamp previous to the infusion, and, after infusion, was slightly 
loosened again until the diastolic pressure was restored to normal. 

Typical effects may be illustrated by continuing to use segments of the 
experiment from which those of figures 2 and 3 were taken. As, in this in- 
stance, infusion followed partial aortic compression, the curves of figure 
3 may be regarded as a control. 

The series of records in figure 4 illustrates the effects during the early 
stages of infusion. The pressure curves show typical changes described on 
previous occasions: a more pronounced auricular wave, p, an elevation of 
initial pressure, a, and a steeper rise of isometric pressure, b-c, the curve 
as a whole reaching a higher pressure maximum. The pulse pressure as 
shown by the amplitude of the aortic pressure curve is also larger. Cal- 
culations show that the phase of isometric contraction, a-c, is slightly 
reduced (from 0.059 to 0.052 sec.). The duration of systolic ejection and 
total systole are both increased (0.155 < 0.159) (0.205 < 0.211) in spite of 
a slightly reduced interval of diastole." 

The series of records of figure 5 shows the results when infusion had 
been carried to the point where the heart had become extremely dilated 
and the initial tension had decreased. All the effects, already alluded to, 
increase with the exception of the duration of total systole, which slightly 
declines, owing to the fact that the artificial stimulator had gradually 
gained speed and the duration of cycles also progressively decreased. The 
entrant phase, a—b, at first increases slightly but is subsequently reduced 
even below normal values (0.039 > 0.032). The fact that the inflection 
at b appears to be somewhat higher up on the curve indicates that this 
slight abbreviation is at least not entirely due to a more rapid summation 
of contractions. The conduction intervals shown in figures 3, 4 and 5, 
before and during various stages of infusion, show very minor changes. 
Thus, the conduction intervals marked on curves J, //I and IV from the 
left heart are so nearly constant that certainly no interpunctal differences of 


1 Due to slight variation of the motor which actuated the stimulator. 
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importance exist. In the case of the right ventricle, which was dilated 
more than the left, the conduction intervals in curves V, V// and V/// 
all increase, but to an almost proportionate degree, leaving the interpunc- 
tal differences the same. 

Similar observations were made in experiments on six different dogs in 
which the effects of infusion were studied from the incipient to over-dis- 
tended stages. The tabularized data of table 2, show that as a rule the 
entrant phase is reduced in spite of the fact that the point of inflection, 
b, occurs at a higher level. This may lead to the logical conclusion that 
the summation of intraventricular fractions is accelerated. A study of 
the interpunctal intervals does not substantiate this, however, in fact such 
differences as occur would tend to operate in the opposite direction. Thus, 
as shown in table 2, the conduction intervals from auricle to ventricle 
increased somewhat at all points, but in one experiment (C347) they 
decreased slightly. Calculations listed in columns labeled “interpunctal 
intervals,’’ show, however, that the time differences on the ventricular 
surface remain surprisingly constant, the greatest change noted being an 
increase of 0.004 second in the case of the left ventricular surface, and of 
0.008 second in the case of the right ventricle. On the whole, however, the 
changes are much smaller or entirely absent. These results show that the 
duration of the entrant phase as well as its gradient depends not only on the 
rate of summation but on the character of the contraction process itself. 
The steeper the gradient of the fractionate contractions, the earlier and 
the higher the inflection point appears. 

These results are significant, however, not only in eliminating the possi- 
bility that differences in the rate of impulsive propagation are concerned in 
determining the nature of the contractions, but also show that stretching 
of the myocardium has no effect on the rate of intraventricular muscle 
conduction. These results, therefore, support the interpretations of Schel- 
long (1924) who found that the act of lengthening itself fails to alter ven- 
tricular conduction rate unless the accompanying changes in irritability 
increase the speed of excitation. If these observations may be correlated 
they show that stretching of the muscle in the mammalian heart produces 
its characteristic reactions by affecting the contractile process rather than 
the state of irritability. 

EFFECT OF HEART RATE CHANGES. Inasmuch as the ability of cardiac 
tissue to conduct appears to be so intimately associated with the preceding 
recuperative interval, it appears probable that a progressive diminution 
of the recovery interval resulting from a progressive increase in the rate of 
excitation would have a tendency to prolong the conduction intervals. 
While this is true in a broad sense, it appears that different portions of the 
heart vary considerably as to the recovery period required for normal 
conduction. Thus, Lewis, Feil and Stroud (1920) found that the rate of 
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auricular conduction remains constant for rates up to 300 or 350 per 
minute, after which conduction rates increase somewhat abruptly; on the 
other hand, Lewis and Masters (1925) report an experiment which shows a 
gradual decrease in A-V conduction, even when the rate does not exceed 
200 per minute, and this decrease progresses especially rapidly when the 
rate exceeds 250 per minute. Finally, Lewis and Rothschild (1925) 
had found by using the interpunctal differences on the surface of the heart 
that there was at most a “‘trifling’’ difference when the ventricle was stimu- 
lated directly at rates ranging from 170 to 300 per minute. Inasmuch as 
in these experiments the excitation spread in an unnatural manner over the 
ventricle, it appeared desirable to make a few experiments in which 
conduction occurred over natural pathways. Accordingly the conduction 


Fig. 6. Plot showing relation of cycle length A-V conduction. Discussion in 
text. 


times from auricle to various ventricular points were established, when the 
rate of artificial stimulation was changed. From the figures so obtained 
values for the interpunctal intervals were calculated. Three experiments 
yielded consistent results of which one may be analyzed in detail. In 
experiment C387, the artificial rate was increased from one just above that 
normal for the animal to about 260, at which time a half-rhythm developed. 
The conduction intervals from auricle to point 3 (left apex) were calculated 
and plotted as shown in figure 6. The abscissae represent cycle lengths 
and the ordinates conduction intervals. It will be seen that these intervals 
increase very slightly at cycle lengths ranging from 0.40 to 0.30 second, 
after which they increase rapidly until cycle lengths of 0.23 second are 
reached. The plotted curves resemble those of Lewis and Masters (1925) 
on A-V conduction. At four points of this series (marked X'! to X‘) 
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intrinsic negativity observations were made over all points of the he 


and the curves obtained at \' and \°% are shown In figures 7 neal 
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Figs. 7-8. Curves as in figure 2 showing influence of heart rate on eonduction time 


and constancy of interpunctal intervals. Labels as in figure 2. Discussion in text 
these, as well as in other experiments, the interpunctal intervals remained 
surprisingly constant, and that in spite of a marked prolongation of the 
conduction times. A comparison of figures 7 and 8 shows that in the left 
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ventricle the interpunctal interval (3-1) remains absolutely constant, 3-4 
increases from 0.028 to 0.032 second; in the right ventricle the inter- 
punctals (5-7) read 0.019 and 0.006 second,’ respectively, while the inter- 
val 5-8 alters from 0.022 to 0.021 second. It is obvious that while the rate 
of excitation affects that A-V conduction to an appreciable degree it has 
very little influence on the conduction within the ventricular myocardium, 
at least up to a heart rate of 250 per minute. 

There is no evidence, therefore, that the alterations in the gradient, 
amplitude, and duration of the pressure curves which accompany changes 
in the heart rate are produced as a result of variations in the rate of frae- 
tionate summation, but must be interpreted as specific changes in the ulti- 
mate fractionate contractions themselves. 

The pressure curves obtained under these conditions are shown above 
the intrinsic negativity curves in figures 7 and 8. They illustrate the well 
known effects of rapidly increasing the heart rate by supraventricular 
stimulation. The gradient of the isometric pressure rise is slower, the am- 
plitude is less and the phase of contraction is shortened considerably as 
the heart rate increases. During the entrant phase, a—b, the gradient is 
also less, its inflection at b is reached at a higher level and after a much 
longer time. Without the experimental observations that the interpune- 
tal intervals remain practically unchanged this could undoubtedly be 
interpreted as indicating changes in the rate of fractionate summation. 
It is obvious that during changes in heart rate as well as during changes in 
the diastolic length, brought about by infusions, the duration of this phase 
is not solely determined by the rate of fractionate contractions but by their 
gradient as well. 

Discussion. Physiologically, changes in venous return, arterial resist- 
ance, and heart rate have pronounced and characteristic effects on the 
gradient, contour, amplitude, and duration of the ventricular contraction 
process, as shown by intraventricular pressure curves. The results 
reported in this paper indicate that these effects may not be attributed to 
alterations of intraventricular conduction of such a nature that the indi- 
vidual fractions enter into the contraction process at times differing from 
normal. On the contrary, it appears that time of excitations is kept re- 
markedly constant under conditions that may be supposed to operate 
normally and even so, when A-V conduction intervals alter considerably. 
In establishing this, the essential purpose of this research is accomplished. 

An important corollary follows, however, viz., that the intraventricular 
pressure curves may continue to be regarded as a criterion of changes in 


? This marked reduction is dubious and accounted for by the difficulty in deter- 
mining the points in segment VII accurately, owing to the fact that at these rapid 
rates the deflection due to the stimulus so clearly coincides with the initial deflection 


of the previous heat. 
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contraction which individual muscle units of the ventricle undergo, but 
only as long as the ventricles are excited over natural pathways from a 


Fig. 9. Series of fractionate contractions and their summation effects as a pres- 
sure curve. J, control; JJ, summation of curves with more gradual gradient; J//, 
summation of curves with steeper gradient and shorter duration; 7V, summation of 
curves with steeper gradient and higher maximum. 


supraventricular focus. This conclusion holds despite the fact that the 
intraventricular pressure curve represents a rapid serial summation of the 
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individual fractionate contraction; and also, despite the fact that the pres- 
sure curve developed by each individual fraction probably differs consider- 
ably both as to duration and contour from that recorded. 

These conclusions can be clarified by a set of schematic curves shown in 
figure 9, which probably set forth after a fashion how these effects are 
brought about. Curve J, of the series of isometric intraventricular pres- 
sure curves (upper set) results from the algebraic summation of fraction- 
ate contraction curves drawn just below and also labeled J. The 
intraventricular pressure curve JJ (upper set) is derived by algebraic 
summation of fractionate contraction curves (labeled JJ below) which 
have a more gradual development of the pressure gradient. Similarly 
the intraventricular pressure curve J// results from algebraic summation 
of the fractionate contraction curves (labeled [JZ below) which have a 
steeper gradient of pressure development. While the gradient and dura- 
tion of these fractionate curves vary they all reach the same pressure level. 
We note that the gradient of contraction affects the height of the inflec- 
tion point, n, and the steepness of the isometric curve but does not alter the 
pressure maximum nor the duration of systole. 

In curves J and // it is shown that as long as the separate fractions are 
excited at reasonably constant intervals the duration of the fractionate 
contractions is the sole factor which determines the duration of systole, as 
this event is measured by our criterion on the pressure curves. If, as was 
designedly done in the fractionate curves of series III, the duration of the 
individual fractionate contraction is abbreviated, the duration of total 
systole as determined by the pressure curves is also reduced (cf. points r). 

Comparison of curves J, JJ and III also shows that differences in the 
velocity of pressure development per se can have no influence on the height 
of the intraventricular pressure curve. The maximum pressure in all 
‘ases equals the sum of the pressures during the catenary part of the frac- 
tionate contraction curves. The only way in which such an increased 
height can be brought about is through the development of a higher ten- 
sion by each contracting fraction, or-—what amounts to the same—by the 
possible introduction of previously inactive fractions into the total con- 
traction process. This is illustrated by algebraic summation of the greater 
fractionate contractions of series IV which results in the intraventricular 
pressure curve also labeled JV, in the upper series of figure 8. Inasmuch as 
the development of a higher fractionate pressure level in the same interval 
of time is necessarily accompanied by an increased velocity of pressure 
development the gradient of the intraventricular pressure rise also becomes 
steeper. 

The results of this research lead us to the following inferences: 1. The 
level at which the true inflection of the pressure rise to a straight line be- 
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gins, and the slant of isometric gradient appear to be determined by the 


a velocity of pressure development in the separate fractionate curves and 
as far as experiments go—by this alone. 2. The pressure maximum 
i. reached is entirely determined by the ultimate tension reached in each 
re fraction and is not determined by the velocity of the fractionate contrac- 
es tion process. 3. The duration of the contraction curve is solely regulated 
" by the duration of the fractionate contraction interval. 
SUMMARY 
ic 
th There were a priori reasons for believing that variations in the speed 
ly with which the fractions of ventricular muscle are excited and summated 
oe may affect the gradient, height and duration of the resulting pressure curve. 
a Experiments were carried out to determine to what extent alterations in 
a- ventricular conduction do occur when experimental conditions are altered 
1. and how far phasic changes in the fractionate contractions rather than 
e- fundamental variations in their form determine the dynamic consequences. 
1e Results showed that during circulatory changes produced by increasing 
the aortic resistance (graded aortic compression), by augmenting the ve- 
re nous return and cardiac filling (saline infusion) and by altering the heart 
Le rate do not affect the “interpunctal intervals’”’ of surface negativity even 
is when considerable differences in A-V conductivity occur. Consequently, 
1s the general conclusion is reached that changes in ventricular excitation 
1e leading to alterations in the phasic summation of fractionate contractions 
al play no réle in producing the characteristic effects observed in the intra- 
ventricular pressure curves under these experimental conditions. 
1e Changes in gradient, amplitude and duration of ventricular contraction 
it evidenced by the intraventricular pressure curve may, therefore, continue 
ll to be regarded as evidence of similar changes in the character of the ulti- 
2. mate contractions as long as the ventricles are excited over normal path- 
d ways from a supraventricular focus. This conclusion holds despite the 
7" fact that the intraventricular pressure curve represents a rapid serial sum- 
e mation of individual contractions and despite the fact also that the pressure 
7” curve developed by each fraction of ventricular muscle probably differs 
Tr constantly both as to character and contour from that recorded as the 
r intraventricuiar pressure curve. 
BIBLIOGRAPHY 
: Dr Grarr, A. and J. Sanps. 1925. This Journal, lxxiv, 400. 
Kocn, E. 1920. Pfliiger’s Arch., elxxxi, 106. 


Lewis, T. anp M. A. Roruscuiip. 1915. Phil. Trans. Royal Soc., cevi, 181. 
Lewis, T., H. S. Fem anp W. D. Stroup. 1920. Heart, vii, 247. 

e Lewis, T. anp A. M. Masters. 1925. Heart, xii, 209. 
ScHELLONG, F. 1924. Zeitschr. f. Biol., lxxxii, 27, 174, 435, 451. 


30 CARL J. WIGGERS 


Wiaaers, C. J. 1922. This Journal, lvi, 415, 439. 
1922a. Circulation in health and disease. 2nd ed., 105, Lea and Febiger, 
Philadelphia and New York. 
1925. This Journal, lxxiii, 346. 
1925a. Amer. Heart Journal, i, 172. 
1927. This Journal, Ixxx, i. 
Wiaaers, C. J. anp L. N. Katz. 1922. Ibid., lviii, 439. 


J 
I 
( 
€ 
t 
f 
t 
( 
I 
( 
( 
t 
t 
| 
t 
I 
( 


ger, 


AN INVESTIGATION OF THE EFFECT OF LONG-CONTINUED 
INGESTION OF ZINC, IN THE FORM OF ZINC OXIDE, BY 
CATS AND DOGS, TOGETHER WITH OBSERVATIONS UPON 
THE EXCRETION AND THE STORAGE OF ZINC 


KATHERINE R. DRINKER, PHEBE K. THOMPSON anp MARION MARSH 


From the Department of Physiology, Harvard School of Public Health, 
Boston, Mass. 


Received for publication September 17, 1926 


During the last two years, there has been in progress, in the Depart- 
ments of Physiology and of Ventilation and Illumination of the Harvard 
School of Public Health, an extensive series of experiments designed to 
amplify the knowledge already available upon the widespread normal 
occurrence of zine in plant and animal tissues and in animal secretions and 
excretions; to throw new light upon the normal zine metabolism and upon 
the significance of zinc to the living organism; and, finally, to obtain in- 
formation more precise and accurate than now exists in the literature upon 
the absorption, storage, and excretion of zinc, and upon the physiological 
and pathological action of zine and its compounds upon the animal body. 

The purpose of the particular experiments reported in this paper was to 
determine whether or not zinc, administered to animals (cats and dogs) 
by the gastro-intestinal tract and in the form of a non-corrosive zine 
compound (zine oxide) in fairly large doses, for long periods of time, would 
occasion acute or chronic damage of any sort, especially to the gastro- 
intestinal tract itself, to the kidney or to organs in which it might be stored; 
whether or not zine taken in this way would be stored and, if so, in what 
organs; and by what avenues and in what amounts it would be excreted. 

REVIEW OF THE LITERATURE. Zinc absorption. Zine compounds 
taken into the gastro-intestinal tract are, according to Schlossberger (1848), 
Michaelis (1851), Sacher (1893), Dragendorff (1895), Von Jaksch (1910) 
and Bernatzik (quoted by Seiffert, 1918), converted in the stomach by 
the free hydrochloric acid or by free lactic acid, if it be present, into zine 
chloride and zinc lactate. Both compounds are, according to the weight 
of authority, decomposed by the protein substances present, and protein 
compounds are formed which are either soluble or are in part dissolved by 
the free acids present. Rosow (1862), investigating the behavior of in- 
gested zinc albuminates, introduced into the stomach of a fasting dog a 
bag filled with wet zine albuminate. At the end of three hours, one-half 
of the albuminate was dissolved and at the end of twelve hours the bag was 
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empty. This indicates that zinc albuminates ingested or formed in the 
stomach are dissolved there, but the literature throws no light upon their 
further digestion, nor upon their chemical form when absorbed, nor their 
place of absorption. Large amounts of the more inert compounds such 
as zinc oxide may be only partially changed in the stomach or bowel, and 
considerable quantities probably pass out in the feces without any changes 
having occurred (Schlossberger). Indeed, Heller (1847) believed that zine 
oxide was physiologically quite inert, that it passed through the gastro- 
intestinal tract unaffected, and that he could recover it quantitatively in 
the feces. 

Cushny (1924), discussing the general question of the absorption of the 
heavy metals, wrote: ‘The form in which the metals are absorbed is quite 
unknown, but it is not unlikely that they are taken up in insoluble forms 
by the leucocytes and thus carried into the tissues.” This statement is 
especially interesting to us in view of the fact that the white cell counts in 
our zine-fed animals have tended always to be high, though never above the 
upper limits reported in the literature as occurring in normal animals. 

Zinc transportation. The opinion appears to be general that zinc, once 
it is absorbed, is carried by the blood stream (Michaelis, Delezenne (1919), 
etc.). Whether the blood plasma or the blood corpuscles act as vehicles 
remains somewhat uncertain. The only data available on this subject are 
contained in a paper by Delezenne in which he reported experiments 
showing that the plasma contained approximately one-tenth only of the 
total zine in blood, the rest being present in the cells. Red cells showed 
only a trace of zinc while leucocytes were very rich in it. This finding 
ought undoubtedly to be confirmed with the present more exact methods 
of analysis, especially since the figures given by Delezenne for zinc in mam- 
malian blood, 15 to 25 mgm. per thousand, are decidedly higher than the 
figures which Lutz (1926) and Fairhall (1926b) in this laboratory have re- 
peatedly obtained for rat, cat and human blood. 

The question as to whether or not the lymph stream also transports 
zine is another subject for further study. Michaelis investigated the zinc 
content of the thoracic duct of four horses which had been fed zine oxide 
at various times before their death (one and a half to three hours before). 
In no case was he able to detect zinc in the thoracic duct lymph, although 
he found zine in the blood of the portal vein of one of these animals which 
had twice, previously, taken 22.5 gm. of the preparation. The methods 
of zine analysis current in Michaelis’ day were not, however, delicate 
enough to detect very small amounts of the metal. 

Zinc storage. Much has been written upon the question of zine storage, 
following zine administration, but, unfortunately, the great majority of 
investigators (Michaelis, Mazkewitz (quoted by Sacher), Lehmann (1897), 
Brand] and Scherpe (1899), Jacobi (1899), Seiffert, and Salant, Rieger and 
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Treuthardt (1918), ete.) report the finding of zine in various organs and 
tissues, apparently without knowing that all organs and tissues have a 
normal zine content which, once known, obviously becomes a matter of 
considerable importance before storage of zinc is inferred. 

Owing to the absence of normal standards of zine occurrence in tissues 
and to the frequent use of poor analytical methods as well, one is justified, 
in our opinion, in concluding from the literature no more in regard to the 
storage of zinc in the body in excess of the normal requirements than that 
the metal is taken up from the blood stream in large part by the liver and is 
temporarily stored in this organ during the process of gradual excretion. 
It is possible, but not proved, that zinc may also be stored in smaller 
amounts in other organs—e.g., the pancreas, thyroid, spleen, bone and 
kidney—but whether this storage is a transient one or whether some one 
organ or tissue may store zinc for years as the bone does lead (Minot, 1924) 
previous work on zine gives us no convincing evidence. 

Zine excretion. The consensus of opinion (Schlossberger, Michaelis, 
Mazkewitz (quoted by Sacher), Sacher, Lehmann) in the literature in 
regard to the excretion of zinc is that absorbed zinc, taken up from the 
blood and temporarily stored by the liver, is excreted in small amounts by 
the liver into the bile, but, in the main, is gradually liberated by the liver 
to the blood stream and is then excreted in minor amounts into the urine 
by the kidney, but chiefly by the gastro-intestinal tract into the feces. 
According to Lehmann, the excretion of zine through the cecum and 
colon is three to four times as great as through the stomach. Delezenne 
has reported the finding of zinc in normal pancreatic juice, an interesting 
fact in view of experimental results which we shall present. 

Lewald (quoted by Sacher) brings some evidence to bear that, following 
the ingestion of zinc oxide, zinc is excreted in milk, but since he presents no 
figures for normal zine in milk (Birckner, 1919) his observations are sug- 
gestive rather than conclusive. A high zine content in the skin of ani- 
mals to which zine has been administered has been interpreted by Salant, 
Rieger and Treuthardt as indicating skin excretion of zinc. Recently, 
Drinker and Fairhall' have definitely proved the skin to be a route of nor- 
mal zine excretion by demonstrating the presence of zine in normal sweat. 

Studies on the excretion of zinc administered experimentally began as 
early as 1846 but the early work (Bouchardart, 1846 (quoted by Schloss- 
berger), Heller, Schlossberger, Michaelis, Mazkewitz (quoted by Sacher), 
Sacher) has little or no significance for us because of the poor methods of 
zine analysis used and because of the absence of figures upon normal zinc 
excretion. 

Lehmann, studying the hygienic significance of zinc, fed 1052 mgm. 


Unpublished data. Personal communication. 


he 
ir 
ir 
ch 
nd 
es 
ne 
O- 
in 
he 
ite 
ms 

is 
in 
he 
ils. 
ice 
Y), 
‘les 
are 
nts 
the 
red 
ing 
ods 
the 
re- 


34 K. R. DRINKER, P. K. THOMPSON AND M. MARSH 


of zine carbonate (553 mgm. zinc) to a dog in a single dose and recovered in 
the urine, 8.5 mgm.; in the feces, 540 mgm.—a total recovery of 548.5 
mgm. of zinc. In a similar experiment, the same author after the same 
dose of zinc, recovered 6.9 mgm. in the dog’s urine and 400 mgm. in the 
feces (some lost). A third dog received zine carbonate by mouth over a 
period of eleven months. During a period when the daily dose of zine 
was 553 mgm., the daily output of zine in the urine was 4 to 6 mgm. 
Here again, the normal zinc content of urine and of feces is not taken into 
account, nor have we any proof that all the zinc in the feces had been ab- 
sorbed and excreted, though doubtless zinc carbonate is somewhat more 
soluble in gastric juice than zinc oxide, and, therefore, more likely to be 
completely absorbed. In spite of these objections, Lehmann’s experiments 
offer qualitative proof at least that the major part of ingested zinc leaves 
the body in the feces, a minor part in the urine. From the high zine con- 
tent of the liver and the bile of his experimental animals, Lehmann inferred 
zine excretion in bile, while high zinc figures for the cecum and colon (three 
to four times as high as in the stomach) led him to regard the large bowel 
as an important agent in ridding the body of this metal. 

Brandl and Scherpe, studying the excretion and storage of zinc, fed 
zinc malate pills and a solution of the double salt of sodium zine tartrate 
to rabbits, guinea pigs and dogs. The amount of zinc recovered in the 
feces was compared with the amount fed and was shown to constitute a very 
large fraction of the dose. For example, of 995 mgm. of zinc, given to a 
dog in the form of a solution of zinc malate mixed with meat, 967 mgm. were 
recovered in the feces and in the contents of the bowel at autopsy; again, 
of 420 mgm. of zine (fed to a dog as the double salt of sodium zinc tartrate) 
419 mgm. were recovered in the feces and in the intestinal contents. Al- 
though these recovery figures are not quite so good as they appear since 
the normal zine content of food and of feces was not taken into account, 
nevertheless they do indicate, as does the rest of our qualitative evidence, 
that ingested zinc can be largely recovered in the feces. What proportion 
of it is absorbed and subsequently excreted, and what proportion passes 
through the bowel unabsorbed, we are not prepared to venture an opinion. 

Following the feeding of zinc oxide to a calf and to a sheep, Lander and 
Edwards (1912) express the opinion that by far the greater part of the zinc 
ingested passes out in the feces as zine sulphide. 

Salant, Rieger and Treuthardt administered to animals by mouth, 
subcutaneously and intravenously zinc malate and zine acetate. The 
fate of the zinc when injected intravenously indicated that the gastro- 
intestinal canal was the chief organ of elimination, since, by the end of two 
or three days after its administration, one-third to nearly one-half of the 
zinc given was recovered from feces and from gastro-intestinal contents. 
The urine, according to these authors, contained but minute quantities of 
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zinc, amounts which were practically within the limits of experimental 
error. Although the amounts of the metal present in the skin were small, 
the evidence, in the opinion of these investigators, was sufficient to war- 
rant the conclusion that zinc may either be stored or eliminated by this 
organ. 

Summarizing briefly the opinions expressed in the literature in regard to 
the excretion of zinc, we may say that absorbed zine begins to be excreted 
promptly after its absorption. A small fraction leaves the body in the 
urine; the major amount, however, is excreted along the alimentary tract, 
some of it in the bile, possibly some of it in the pancreatic juice. If the 
absorbed zinc is greater in amount than the excretory mechanism can 
handle at once, zinc is temporarily stored, chiefly in the liver, and liberated 
by this organ as fast as it can conveniently be excreted. A small amount 
of zine is excreted in sweat and probably some also in milk. 

Local and general action of ingested zinc oxide. The literature contains 
a vast amount of data upon the results of feeding zinc oxide to man and to 
animals. In evaluating these data, there is, in our opinion, one all-impor- 
tant question which must be asked in regard to each group of experiments 
—Was the zinc oxide used chemically pure? This question is, in fact, ap- 
plicable to all experiments with zinc oxide, regardless of the portal of entry, 
but we shall consider here only ingestion experiments. The chief contami- 
nations to which zinc oxide is subject are lead, cadmium, arsenic and anti- 
mony—substances carried over from the ore in the process of manufacture. 
Occasionally investigators, working upon the effect of zine and its com- 
pounds upon health, admit lead contamination (Murgia, 1906; Seiffert), 
and attempt to determine what part zine plays in causing a given set of 
symptoms by excluding the disturbances obviously caused by lead, and 
attributing everything else untoward to zinc. Other writers (Landouzy 
and Maumené, 1850; Bouvier, 1850; D’Amore, Falcone and Maramaldi, 
1892) describe rapid and overwhelming intoxications which they attribute 
to zine oxide—intoxications so extraordinarily severe and so obviously and 
totally out of accord with the bulk of experimental evidence, that we are 
led inevitably to the conclusion that some contaminating substance, prob- 
ably lead or arsenic, and not zinc oxide itself, occasioned the damage 
reported. 

Experiments reported by D’Amore, Falcone and Maramaldi serve as 
an excellent illustration of the point which we wish to make. ‘These in- 
vestigators fed zine oxide, ‘‘the purity of which had been well ascertained,” 
to dogs. The dose at first was 1 gram daily; after three to five days, 
4 gram daily. For the first four or five days the animals vomited one-half 
to one hour after eating; after this the oxide was retained. The dogs at 
once began to lose weight; they suffered from muscular weakness, which 
increased to such an extent that they were unable to move. Sensibility 
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disappeared first in the hind limbs. A remarkable pallor of the mucous 
membranes developed. 

There was change in size and shape of the red cells, a diminution in their 
number, a tremendous increase in the number of white cells, and a great 
decrease in the amount of hemoglobin. The urine diminished in amount, 
and showed amounts of hemoglobin which increased steadily until it be- 
came a deep red in color. No red blood cells, however, were present. 
There was albuminuria (7 to 9 grams per liter of urine), glycosuria (a 
maximum of 15 to 17 grams of sugar per liter), and the urinary sediment 
showed hyaline and granular casts. 

The dogs died on the tenth to the fifteenth day from the beginning of the 
experiments. Pathological examination of the organs obtained at autopsy 
showed, according to the authors, areas of inflammation in the stomach 
and duodenum (but not of a severity in accord with the importance of the 
intoxication), together with fatty degenerations of the liver, the pancreas, 
and the kidney, especially of the epithelium of the tubules. These findings 
should be borne in mind in order that they may be contrasted with the 
negative results which we obtained when, using zinc oxide of a high degree 
of chemical purity, we attempted to repeat these experiments. 

With the possibility of contamination firmly in mind, let us now consider 
the conflicting mass of experiments which have been reported upon the 
ingestion of zinc oxide by men and by animals. One group of investigators 
(Heller, Wibmer (quoted by Helpup, 1889), Barbier, Herpin, Home (all 
three quoted by Sacher), Pera (1911), Lander and Edwards, etc.) has 
reported negative; another group (Orfila (quoted by Schlossberger), 
Werneck (1831), van Hasselt (quoted by Helpup), Michaelis, D’Amore 
and his associates, Hadlich (1908)), positive results following the taking of 
zine oxide. Heller in 1847 reported that no symptoms followed the inter- 
nal administration to man of zinc oxide in sugar solution in doses of 20, 
60, and 120 grains a day—a result which led him to conclude that zinc 
oxide was physiologically inert and, therefore, useless as a medicine. 
Schlossberger wrote concerning ‘“‘two people who, suffering from severe 
nervous troubles, gradually arrived in subsequent use of the metal (zinc 
oxide) at very strong doses, at which only with one of them sometimes 
slight vomiting appeared. . . . . The second patient was a student who 
on account of epileptic fits of many years’ standing had taken zine oxide 
many weeks.” 

In a discussion of the medicinal use of zine oxide, Sacher referred to 
cases described by Barbier, by Herpin, and by Home in which doses of 
zine oxide as large as 1.2 grams, 2.0 grams and 2.5 grams were taken in 
the course of a day without causing vomiting. 

Wibmer (quoted by Helpup) gave a young dog from the middle of Sep- 
tember to the middle of October, daily, 10 grains of zine oxide. Appetite 
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and stools remained normal. The animal then tolerated to the end of 
October, 15 grains daily, consuming in six weeks an ounce of the oxide 
Autopsy showed everything normal. Lander and Edwards in 1912 gave a 
calf and a full grown sheep a total of 2220 grains (148 grams) each, in the 
course of twenty-six days. For fifteen days each animal received 4 grams 
per day, and then for eleven days, 8 grams per day. No loss of appetite or 
condition—indeed no symptoms of any sort-—were observed. 

Pera, arguing in favor of zinc white as a substitute for lead white, cited 
the absence of toxicity as one of its advantages. He said that zinc oxide 
has been used as a teniafuge in a dose as large as 30 grams of zinc oxide 
powder in 60 grams of syrup for the first day and 15 grams the following 
day—and this without causing the least accident. 

In contrast to these negative findings, we have in the literature accounts 
by a second group of investigators of active symptoms ensuing from the 
administration of zinc oxide. This group observed in man, burning in the 
stomach, eructations, griping, increased thirst, loss of appetite, vertigo, 
hot flashes, and general exhaustion following single doses of 6 to & grains 
of zine oxide. With 10 grains, Werneck reported, in addition to these 
symptoms, sharp pains in the diaphragm and between the shoulders, later 
vomiting and the passage of a thin stool, with exhaustion lasting twenty- 
four hours. 

The following protocol, taken from Michaelis, illustrates the type of 


result reported by the positive group of experimenters upon the adminis- 


tration of zine oxide to animals. 


A growing cat received in milk with white bread 10 grains of zine oxide via humida 
parata. Restlessness, vomiting and diarrhea followed. There was much bile in the 
fecal masses. For three days the animal received on each day half the former dose 
On the fourth day it received 6 grains, upon which the number of the stools increased 
On the following day, 8 grains. The animal became restless, and devoured greedily 
what was thrown to it. In the afternoon there was retching and vomiting five times; 
at the end, bile-stained mucus. In the beginning, the stools were normal, later thin 
and fluid. On the following day, the animal was dull, apathetic, and ate first in the 
afternoon some food which had been mixed with 4 grains of zine oxide. After a half 
hour the same disturbances as the day before appeared. The cat was very weak and 
could searcely stand erect. Dose omitted on the seventh day. On the eighth day, 
6 grains, loss of appetite and diarrhea. On the ninth day, perhaps 2 grains, which 
was soon got rid of; now there appeared a peculiar twitching of the limbs of the 
animal. It curved itself and stretched continually. Set the cat free and stretching 
continued. No desire to run away. This symptom developed on the next day into 
true cramps which attacked especially the hind extremities. The animal then fell 
on its side and went into violent twitchings, cried out and had tears in its eyes 
After two minutes the attack ended and the animal was then free of the twitchings 
The two following days, the same dose; no cramps. However, if a mouse was held 
before this animal, it at once developed vigorous cramps. Fourteen more days the 
animal received zinc; cramps were observed only once. Then it was killed after it 
had taken 92 grains (6+ gm.) of zine oxide. 
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Autopsy finding: On the cardia two small erosions,—one on the greater curva- 
ture, everywhere else the stomach was normal. In the intestine there was much mu- 
cus and some reddening, beginning catarrh. Everything else was normal. In the 
liver 0.024 gm. of zine oxide was found. Relatively muchin the bile. Brain undeter- 
mined. Spinal cord showed nothing abnormal. In the urine during the entire time 
zine was demonstrable. 


The probability that the oxide used by Werneck, Michaelis, D’Amore, 
etc., contained some contaminating toxic substance is suggested by the 
conflicting evidence presented by other observers. This probability is 
converted, in our opinion, into a practical certainty when our own experi- 
ence is brought into evidence. 

EXPERIMENTAL METHODS. Diet. Besides the control animals, ten cats 
and three dogs were used in these investigations. The cats were kept in 
individual wire cages and were fed once a day canned salmon and milk. 
We have in the past in this laboratory kept cats fat and healthy under a 
similar régime for as long as two and a half to three years. The dogs were 
kept in individual cages at night, and in the daytime, except in very bad 
weather and on Sundays, were out-of-doors in an enclosed yard. The 
dogs were fed, daily, milk and a dog mash containing bread crumbs and 
ground-up meat. During a large part of the experimental period, they 
also received twice a week Hamburger steak and bones. We would like 
to emphasize here the importance of bones in the diet of a dog in captiv- 
ity. During a part of the experimental period when the bones were 
omitted, the youngest of our dogs lost weight, although he was very lively 
and apparently perfectly healthy. As soon as bones were restored to the 
diet, his gain in weight was rapid. 

Dosage. Zinc oxide was administered to these animals daily in the form 
of a dry powder mixed with the food. At the beginning of the experiments 
the cats were given, in milk, zinc oxide suspended in gum acacia, but this 
proved a less satisfactory method of dosage than to mix the dry powder 
with salmon. 

Chemical analysis of the zine oxide used gave the following results 
figures which show it to be an extremely pure product: 
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Sb20 inder 
ZnO (diff 99 799 
Red. Powder as SO, 0.010 
Water soluble salts dried at 110°C 0. 098 


The amounts of zine oxide administered daily to the cats ranged from 

175 mgm. to 1 gram. The only unfavorable symptom which appeared in 
our animals was a lack of appetite in cats on large doses (above 600 mgm. 
a symptom which we attribute to the disagreeably sweetish taste of the 
oxide-containing food, and not to nausea. We have had no difficulty at 
all with daily doses of 600 mgm. or less. Cats taking 200 to 600 mgm. ate 
heartily and regularly. 

The dogs received 500 mgm. to 1 gram of zine oxide daily mixed with 
food, and as a rule took it readily. The daily doses administered to the 
individual animals, in terms both of milligrams of zine oxide and in milli- 
grams of zine per kilogram of animal, may be seen in table 1. 

Methods of observation and collection of specimens. The animals were 
weighed weekly throughout the experimental period and were observed 
daily for signs of vomiting, diarrhea or other indication of illness. 

Urine specimens were collected from the cats as follows: The animal 
was fed in the morning of the day preceding the collection of a 24-hour 
specimen. At 9 o’clock on the following morning, he was placed in a rec- 
tangular, oblong, copper-netting cage suspended over a large enamel pan, 
and left there with distilled water in a copper container to drink but no 
food. Under circumstances such as these, cats frequently neither void nor 
defecate for twenty-four hours. When such was the case, at the end of the 
twenty-four hours the animal was placed upon a cat board. Often the 
excitement incident on this caused him to void at once into a glass beaker 
held to the urethral opening. If not, we found it relatively easy to empty 
the bladder completely by grasping it through the abdominal wall and 
squeezing it gently and firmly. The maneuver resembles closely that 
applied to the uterus in expelling a retained placenta. An experienced 
person can readily tell by its small size when the bladder is completely 
empty. We could depend upon it that urine specimens obtained in this 
way were uncontaminated with particles of zinc oxide which might be upon 
the mouth or fur of the animals. Occasionally the cats urinated into the 
pan, but all pan urine specimens were discarded for fear of contamination. 
On a few occasions 24-hour fecal specimens were collected and analysed 
for zine. 

Urine specimens were collected from the dogs as follows: For the 24- 
hour period of the collection the dog was kept in a freshly washed cage. 
If at the end of the period he had neither urinated not defecated-—and this 
was almost always the case—the dog was taken out-of-doors on a leash, 
and the urine, which the animal usually voided very promptly, collected 
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in an aluminum pan. Feces were collected similarly. At the beginning 
of the experiment the dogs were taught not to soil their cages, just as a 
pet dog is house broken, and they soon became accustomed not only to 
retaining urine and feces for a twenty-four hour period, but also to voiding 
and defecating at the end of this period into pans held in the proper posi- 
tion. The reasonable uniformity of volume of the specimens collected and 
of their zinc content have convinced us that our collections were complete 
and representative ones. 

Urine specimens were always examined for albumin by the sulphosalicylic 
acid test; for sugar, with Benedict’s reagent; and the sediment, for casts, 
pus cells, blood cells, ete. 

Blood studies. Hemoglobin determinations and blood cell counts were 
made on each animal (except on three cats killed early in the series) just 
before it was killed for autopsy. Blood counts were also made on a few 
animals in the early part of the experimental period. More frequent blood 
studies were considered unnecessary because of the continuous good health 
of the animals. 

Zinc dosage was discontinued in the case of four cats two weeks previous 
to autopsying them. Each one of these cats had an experimental mate 
which had been on the same zinc dose for the same period of time. Each 
of these latter animals was killed upon the same day that zine dosing of its 
mate was discontinued. The object of this procedure was to determine 
how rapidly zine which might be stored in the body would be eliminated. 

Autopsies. The animals were killed at the end of the experiment by 
being bled to death under ether anesthesia, all the blood being saved for 
zine analysis. Each animal was then skinned and the hide saved for analy- 
sis. Hides of zinced animals were washed with distilled water before 
ashing. Next, an autopsy was done, each organ being weighed, a section 
taken for histological study, and the rest saved for zinc determination. 
Large samples of muscle from the hind legs and of fat were taken for 

determination of zine concentration in these tissues. In all cases, the 
gastro-intestinal tract from the pharynx down was slit open after removal 
from the animal and thoroughly washed with running water before being 
ashed. In the case of zinced animals, the mouth and pharynx were also 
thoroughly washed with distilled water as soon as the carcass was dis- 
membered. In order to separate the bones from muscle, the carcass of 
each animal was cut up and boiled in distilled water for approximately six 
hours. The bones were then carefully picked out, ashed and analysed 
separately from the main body of muscle and connective tissue. This 
latter material was evaporated to dryness, ashed, and analysed. The 
zinc figures for muscle obtained in this way were checked by and averaged 
with analyses upon smaller samples of muscle cut from the thighs. 

Chemical analyses. All tissues were dried, charred, and then ashed in an 


k 
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electric muffle furnace at 450°C. The residues were extracted with 


1:1 distilled hydrochloric acid and hot water, filtered, and the filter paper 


ofter 


and contents re-ashed and extracted: this was repeated as 


necessary for the complete destruction of all the organic matter 


Tissues were ashed and analysed in their entirety, except in the case of 


bones, carcasses, and dog hides, where fractions of total ash solution were 


taken for analysis, as follows: 


Cats 500 


Dogs 2000 100 1000 100 AM) 


Iron was removed from the acid ash solutions with cupferron. The 


zine and 2 to 5 mgin. of added copper were then precipitated together as 


sulphides in neutral or alkaline solution in the presence of a buffer salt 


the precipitate was well washed with water and with hot alcohol; it was 


then dissolved in nitric acid, the latter fumed off, and the copper removed 


as sulphide in hydrochloric acid solution, leaving the zine in pure form in 


the filtrate. The filtrate was next evaporated to dryness and made up to 


a known volume. For bones, it was necessary to use large volumes (600 


to SOO ec.) when precipitating the zine and copper together, and to repeat 


the precipitation, in order to eliminate calcium phosphate 


When the amount of zine involved was in the range of 1 to 2 mgm. o1 


less (e.g., urines and small organs), the final solutions were read by the 


ferrocyanide turbidimetric method. When the amount was over 1 to 2 
} 


mgm. (e.g., livers, bones, carcasses), the zinc was determined by the ferro- 


cyanide titration method. The foregoing procedure is outlined in detail 


by Fairhall (1926a) in a paper published from this laboratory. 


RESULTS OF CLINICAL AND LABORATORY OBSERVATIONS AND OF AUTOPSY 


FINDINGS. ‘The clinical and laboratory observations and autopsy findings 


on the individual animals in this series of experiments are summarized in 


table 1. This table includes also the average daily dose of each of the 


animals and the duration of zine administration. 
General health. In the main, the health of all the animals was excellent 
throughout the experimental period. Several of the cats developed acute 


respiratory infections of varying degrees of severity- cat ‘‘snuffles”’ 


during the course of the winter but all recovered satisfactorily. Spots of 


mange in a few of the animals, appearing early in the work, yielded readily 


to treatment. Dog 5, an animal in poor condition when we obtained her, 


very thin and with a limping gait, but chosen because of her relatively 


th 


Summary of clinical and laboratory observation 


AVERAGE 
DAILY 
DOSE 


BLOOD FINDINGS URINE FINI 


ADMINISTRATION 
specimens 


NUMBER AND SEX 
of 


ber 


latec 
DURATION OF ZIN( 


ANIMAL 
Zine oxide 


7 
cent 


Cat 9c" 250 33.8 1l0on 12th! 80 11,089,00025,000 7 Positive 
cas- zine trace 
trated 2 off , twice in nor- 
zinc yeeks mal pericd. 
Negative 
thereafter 
100 12, 096, 000 32, 900 Positive Negati 
trace throug! 
throughout 
both normal 
and zinc 
periods 
Cat 200) 44.0) 31 3.8 — |12,237, 000,17, 400 Positive Negative 
85| 9,978, 000,15, 200 trace) throug! 
throughout 


3lon - 3.6 5th) — | 9,121,000 20, 500 Positive Negative 
zine 33rd = 95:10, 122, 000 30, 100 trace throug! 
2 off At end 2 throughout 


Cat 2A9) 200 52.7 


zinc weeks 
off zinc, 3.3 


Cat 89 300 64.4 Il 3.7 75 9, 264, 000 18, 800 i} Positive Negative fothing sigr 
trace) throughout ant 
twice 1n nor- 
mal period. 
Negative 
thereafter 


Cat 10@ 300 66.2 llon 3.0 13th 95 11,508,000 35,600 11 Positive Negative 
zine trace throug! 
2 off At end 2 throughout 
zinc weeks both normal 
off zinc, 4.1 and zine 


periods 


* Cate 7, 8, 9, and 10 and dogs 2, 4, and 5 each had three normal urine collections before being put on zinc. 
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| | 
| | | | 
eant 
A trace 


psy findings upon experimentally zinced animal 


CENERAL HEALTH DURING EXPERIMENT 


Health excellent throughout. Appetite good. No vomit- | All organs examined 
ing, diarrhea, muscular weakness, tremors, nor paral- and foun 
yses. Fur exceptionally thick and lustrous. See fig- | 


ure 1 


signifi- | Same as above Same as above 


Same as above except for period of moderately severe | Only gross pathological findir 


respiratory infection, involving no weight loss, from posterior lobe of right lung where 


covered 


| 
which cat, to all outward appearances satisfactorily re- | there was a small area containing a 
| 


calcareous centre surrounded by a 
small amount of pus. All organs ex- 
amined histologically and found to 
be normal except posterior lobe of 
right lung, which showed a patch of 
bronchopneumonia Lung findings 
evidently incident to the respiratory 
infection, and not experimentally 
significant 


signifi- | Same as cat 3A. See figure 2 No gross pathological findings All 
organs examined histologically and 

found to be normal except lungs 

which showed rather extensive peri- 

bronchial infiltration with lympho- 

cytes, and a general increase in 

lymphatic tissue, finding not sig- 


nificant experimentally 


ng signfi- | Four weeks after being put on zinc, 4 kittens were born to |No gross pathological findings except a 
this cat. During week previous to their birth, she be few smal! dark brown areas on outer 
came severely excoriated around anus, a local irritation, surface of kidney. Examined histo- 
unaccompanied by diarrhea or obstruction, which im- logically these proved to be 
proved on treatment \ few days later she developed a small highly cellular tumors 

very severerespiratory infection. After the kittens were up of large oval cells. Otherwi 
born, the anal excoriation disappeared rapidly and there kidney and all other organs were 
was a gradual recovery from the respiratory disease normal 

Even though laboring under the double strain of nursing 

kittens and of the respiratory infection, this cat recovered! 

remarkably well, and otherwise was in excellent health 


throughout the experiment 


signifi- | Excellent throughout except for a mild respiratory infec- All organs examined gross 
tion during the 4th week of zincing tologically and found to be 


1 A trace of albumin in the urine of normal cats or dogs is a common finding. 
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small size, died of distemper three weeks after the beginning of zincing. 
Lungs, kidneys and meninges were involved in this infection. the dog 
finally succumbing to distemper pneumonia. 

With these exceptions, our animals were an unusually healthy group. 


There was no significant vomiting nor diarrhea, no muscular weakness. 


hig. 1. Cat 9. Dose, 250 mgm. zine oxide daily for ten weeks Photograph taken 
end of tenth week of zincing 


Fig. 2. Cat 2A. Dose, 200 mgm. zine oxide daily for thirty-one weeks. Photo- 
graph taken at end of thirty-first week of zineing 
Fig.3. Cat 1. Dose, 175 mgm. zine oxide daily for eight weeks and then 354 mgm 


daily for forty-five weeks. Photograph taken at end of forty-fifth week of zineing. 


Mig. 4. Dog 4. Dose, 500 mgm. zine oxide daily for nineteen weeks. Photograph 
taken at end of ninteenth week of zinecing. 
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tremors, nor paralyses. The fur of the cats was exceptionally sleek, 
thick and lustrous; indeed, these animals were frequently shown to visitors, 


not as examples of the non-toxicity of zine oxide, but as proof of the excel- 
lent health and condition in which it is possible to maintain cats in captiv- 
ity over long periods of time when proper diet and housing conditions are 
provided. 

Figures 1, 2, 3 and 4 are photographs illustrating the general healthy 
appearance which all of our experimental animals presented. 

Weight. With the exception of three cats (nos. 3, 4 and 5) on a very 
heavy daily dose of zine oxide— approximately 600 to 1000 mgm. an 
amount of sweetish powder so large as to make the salmon unpalatable, 
all of the animals gained weight, some of them markedly, during the 
weeks of zincing. The three cats in question lost during sixteen, twenty- 
one, and twenty-one weeks of zinc, respectively, 0.4, 0.7 and 0.3 kgm 
losses not large enough to be significant. These highly zinced cats ex- 
hibited occasional vomiting, but this was neither striking nor consequential, 
being no more frequent than often occurs in a normal pet cat during a 
period of months. There was no diarrhea nor other significant evidence of 
digestive disturbance. Lack of appetite was the only noticeable symptom, 
and this we attributed to the unpalatability of the food. When one con- 
siders that these three cats were receiving during the period of lack of 
appetite, a daily dose of zine oxide equivalent, in terms of a man of 70 
kgm., to amounts ranging approximately between 14 and 23 grams per day, 
one is only surprised that they ate at all. 

This excessive dose was given to a few animals, not because it was con- 
sidered especially useful to determine the physiological effects of huge 
amounts of zinc, but rather to determine whether or not the normal zine 
content of the body could be significantly increased by zinc administration, 
and, if so, whether or not abnormal deposits of zinc would be retained when 
dosing was discontinued. The results, from this point of view, will be 
discussed under the question of zine storage. 

Blood findings. With the exception of three cats (nos. 3, 4 and 5) which 
were killed first in the series and before this procedure was decided upon, 
blood counts and hemoglobin determinations were made upon all of the 
animals on the last day of the experiment. In a few instances counts were 
also made after a few weeks of zincing. The individual findings are given 
in table 1. The red cell counts (ten observations) in the cats averaged 
10,728,000; the white counts, 24,500; and the hemoglobin, 88 per cent. 
7,931,000; white cells, 
19,900; hemoglobin, 90 per cent. With the exception of one red count on 


In the dogs, the averages were as follows: red cells, 


the dog that died of distemper (no. 5), the red cell counts on both cats and 
dogs were in the high range or somewhat above the high normal levels 
reported by other observers. A comparsion of the extreme red cell counts 
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reported by other observers upon healthy cats and dogs with the extremes 
obtained by us upon zinced cats and dogs is as follows: 


Cats 


R. B.C 
Goodall (1909 _...7,280,000 to 8,690,000 
Wells and Sutton (1915 . 9,628,009 to 9,664,000 
Zinced cats 9,121,000 to 12,237,000 


R. B. ¢ 
Dawson (1990 7 .....6,250,000 to 


8,500,000 


Goodall .....4,750,000 to 5,500,000 
Musser and Krumbhaar (1914 .. 4,639,000 to 7,769,000 
Wells and Sutton ...6,593,690 to 7,690,000 
Zinced dogs ...4,564,000 to 8,835,000 


These figures indicate clearly that the daily ingestion of considerable quan- 
tities of zine by cats and dogs over long periods of time does not cause 
anemia in these animals. 

Our white counts, though apparently high on first inspection, correspond 
closely to the normal figures reported by various observers. The same is 
true of the hemoglobin determinations. High and low normal white counts 
and hemoglobin determinations taken from the literature as compared with 
our figures are as follows: 


Wells and Sutton ( 
Goodall 15 
Zinced eats 


to 20,690 
,800 to 38,800 65 to 89) 
200 to 35,700 


Dawson 


11,000 to 28,000 59 to 98 
Musser and Krumbhaar 8,800 to 33,050 81 to 110 
11,200 to 31,200 75 to 110 
Zinced dogs 17,100 to 24,200 70 to 100 


Clearly, the zine has had no deleterious effect on the blood picture of our 
animals. 

Urine findings. From dog 2, an animal receiving a daily dose of 1 gram 
of zine oxide, fourteen specimens were collected (four controls, ten speci- 
mens during the zincing period) and all were negative for albumin with 
the sulphosalicylic acid test. This was the only animal, the urine of which 
was uniformly negative for albumin throughout both normal and zine 
periods. Cats 8 and 9 showed traces of albumin in the normal period but 
none in the zine period. Cats 7 and 10 showed a trace of albumin through- 


e 

non-pregnant 
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out both normal and zine periods. Control specimens of urine were, un- 
fortunately, not obtained from cats 1, 3, 4, 5, 2A and 3A, and, with the 
exception of cat 1, in which a trace of albumin was found in three out of 


seven specimens, all of these animals showed positive sulphosalicylic 


acid albumin tests in all specimens collected during the zincing period. 
The complete absence, however, of significant findings, such as casts, white 
or red cells, in the sediment of the cat urines; the minute amounts of albu- 
min detectable by the sulphosalicylic acid test; the common occurrence of 
small amounts of albumin in the urine of normal cats and dogs, as indi- 
cated both in the control specimens from our zinced animals and in the 
eight specimens collected from control cat 6, all of which were positive; 
and, finally, the normal kidney findings in all of the animals (except in 
dog 5)-—these facts all indicate that the traces of albumin found in the 
urines of our zinced cats have no special pathological significance. 

Of fifteen specimens from dog 4, four out of five were positive for albu- 
min in the normal period, and six out of ten in the zine period. Curiously 
enough, the urine of this animal in both control and zine periods always 
contained bile and the sediment showed bile-stained granular masses 
resembling, but not definitely identifiable as cells and casts. As is so 
common in male dogs, a drop of pus was always evident on the tip of this 
dog’s penis. The possibility that some sort of chronic genito-urinary in- 
fection was responsible for some of the urine findingsis worthy of considera- 
tion. In any event, histological examination after death, of the liver and 
kidneys of this animal showed these organs to be entirely normal. 

Four control urines from dog 5 were negative; one specimen collected 
during the zincing period, one week before her death from distemper, 
contained marked albumin and an abundance of pus cells—a finding which 
we attribute to an involvement of her kidneys in the acute intercurrent 
infection of which she died. 

All urines of all cats were negative throughout for sugar (Benedict test 
Dog 2 gave a positive Benedict once in the control period and twice about 
the middle of the zine period, and dog 4 once in the middle of the zine 
period. Histological examination showed normal kidneys and normal 
pancreases in both of these animals. 

Autopsy findings. The details of the gross autopsy and of the histologi- 
‘al findings upon all of the animals are given in detail in table 1. Two of 
the cats showed small pathological areas in the lungs resulting from inter- 
current respiratory infection not completely resolved. The kidney of one 
vat showed, grossly, a few dark brown areas on the outer surface, which 
proved on histological examination to be small highly cellular tumors. 
The kidneys of dog 5 who died of distemper pneumonia showed swelling 
and overfilling of the vessels; the lungs of this animal showed an exudate, 
much fibrin, and many leucocytes, but no definite solidification. The other 
organs were normal. 
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With the exception of these findings, which were incidental and without 
experimental significance, and of fibrotic changes in the pancreases of three 
cats—an observation discussed in the next paragraph—all of the organs 
(stomach, duodenum, liver, spleen, lungs, kidneys, adrenals, reproductive 
glands, submaxillary gland, thyroid) were examined grossly and histologi- 
cally and were found to be normal. Three cats (nos. 3, 4 and 5), on ex- 
tremely large daily doses of zine oxide (maximum, 681 to 1000 mgm.), 
showed at autopsy pancreases which grossly appeared harder than normal 
and were covered with firm nodules. Through a misunderstanding, the 
organs of cat 5, the first animal in the series killed, were taken in their 
entirety for chemical examination and no portions were saved for histo- 
logical study. Presumably, however, the microscopic findings in the 
pancreas would have been similar to those in cats 3 and 4, since the gross 
appearance of each of the three organs was similar. The weight of cat 
5’s pancreas was 3 grams—a rather low figure. The histological reports on 


‘ats 3 and 4 are as follows: 


Cat 3: Pancreas: Weight, 10 grams. Perfect acini are not common. The tissue is 
heavily and diffusely overgrown with fibrous elements. Fibrous trabeculae are wide 
and heavy and extend diffusely into the groups of acini, sometimes apparently 
abolishing them. No definite islets are made out. There is no distension of ducts and 
no evidence of any acute process—simply a generalized fibrous overgrowth affecting 
the entire organ. 

Other organs normal. 

Cat 4: Killed two weeks after discontinuance of zinc administration. Pancreas: 
Weight 3.8 grams. The gland is very firm but not so hard nor so large as the pancreas 
of eat 3, an animal killed during zine administration. Histological examination 
shows many normal acini which are, however, sewn through with large amounts of 
fibrous tissue. Here and there, one can make out groups of cells constituting islands 
of Langerhans, but these are not very well defined. There is no hemorrhage, merely 
a considerable proliferation of fibrous tissue all through the stroma of the gland. 


Other organs normal. 


Except in the pancreases from cats 3, 4 and 5-—animals receiving doses of 
zine oxide far beyond any conceivable human exposure——we have never 
found histological evidence of pancreatic damage in zinced animals, though 
the number of zinced animals which we have studied in this connection 
includes forty individuals (rats, kittens, cats and dogs). Further discus- 
sion of the pancreatic findings in cats 3, 4 and 5 occurs in the section on zinc 
excretion. 

Summarizing our clinical and laboratory observations and our autopsy 


findings upon zinced animals, we may say that we have never observed any 
significant clinical symptom nor obtained any significant laboratory evi- 
cence of damage resulting from the daily ingestion of zine oxide over long 
periods of time. With the exception of fibrous change in the pancreases of 
three excessively zinced cats, histological examination following autopsy 
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has shown in the organs of zinced cats and dogs no damage of any sort 
attributable to zinc. 
It is worth noting again at this point that sugar was uniformly absent 


from the urine of all our zinced cats, including specimens from the three 


TABLE 2 


Normal zinc content of urine and fe 


ANIMAL 
24-HOUR 
VOLUME Per 
24 hours irine 


mgm mgm 


125 


December 0.28 0.010 


November : 4: 0.005 
November 21 0.003 


November 002 
November 36 004 
November 001 


‘at 10 | October 002 
November 13 7: 001 


Average 004 0.045 


Dog 2 November 21 , 0.005 0.038 
December 4 0.002 0.020 
December 9 95 | 0.005 0.042 
December 1: 7: 3 0.005 0.033 


Dog 3 December i 2: 002 0.022 
December : | 121. 003 0.034 
December § ( 004 0.033 
December 1: é K 002 0.011 


Dog 4 November 95 §! 003 0.064 
December : 2 005 0.031 
December 54.5 os 004 0.060 


Dog 5 November 2: f 003 0.054 
December 005 0.056 


Average ; 004 0.041 


animals with the fibrosed pancreases. Two dogs, one on one occasion, 
the other twice, passed urine specimens during the zine period which were 
positive for sugar. One control specimen from the second dog, however, 


CATS AND DOGS 
URINE 
FECES 
)NTENT 
PER 
Per kg “4 HOURS 

mim mim 

Cat 6 0.06 14 
Cat 7 0.09 
0.05 
Cat 8 0.04 
0.04 
0.02 
( 0.04 
0.02 

32 

| 9 

0.4 

17.6 

22.0 

4.2 

8.0 
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was also positive, and both of these dogs showed normal pancreases at 
autopsy. The production of glycosuria by the administration of zinc 
acetate and malate, particularly when given intravenously, was reported in 
1918 by Salant and Wise. ‘These authors attributed the glycosuria, not to 
the pancreas, but to an increased permeability of the kidneys to sugar and 
designated the condition as a renal diabetes. Nearly thirty years pre- 
viously, D’Amore and his associates reported glycosuria in their zine oxide- 
fed dogs, but the probability of lead or arsenic contamination of the oxide 
used by these investigators leads us to discard this observation along with 
their other findings. Certainly, further experimental evidence is required 
before an association may be made between zinc and diminished pan- 
creatic function. 

ZINC EXCRETION. Zine in normal cat and dog urine. The normal 
amount of zine in cat urine, as indicated by our series, ranges between 
0.06 and 0.43 mgm. per twenty-four hours, and in dog urine between 
0.13 and 0.59 mgm., the averages for these two species of animal being 
0.18 and 0.35 mgm. of zine per twenty-four hours, respectively. Table 2 
gives a series of zinc analyses upon the urines of normal cats and dogs. 
This detail of figures is presented because there exist in the literature no 
standards of normal zinc excretion in these animals. 

Zine in normal cat and dog feces. One 24-hour specimen of normal cat 
feces showed 4.4 mgm. of zine while six specimens of normal dog feces 
showed, respectively: 25.2, 5.2, 17.6, 22, 4.2 and 8 mgm. (table 2). These 
figures indicate a range in the fecal zine content of dogs very similar to 
that found in men on an ordinary mixed diet —1i.e., approximately 3 to 20 
mgm. per twenty-four hours (Drinker, Fehnel and Marsh, 1927). 

Zinc in urine of zinc-fed animals. Four cats, upon daily doses of zine 
oxide which ranged between 200 and 300 mgm., were included in this group, 
and three dogs, one of which received 1 gram of zine oxide daily, the other 
two, } gram. The average amount of zine excreted in zine feeding is 
contrasted in figure 5 with the average daily normal urinary zine excretion, 
and, in the case of the cats, with the average amount of zine in 24-hour 
specimens of urine obtained from the zinced animals during a period of 
two weeks immediately following the discontinuance of zine dosing. In 
order to show sample series of figures from which these averages were 
developed, the complete data upon cat 10 and dog 4 are presented in table 
3, and are charted also in figure 5. 

These figures show that during periods of zine oxide feeding the amounts 
of zinc in the urines of cats and dogs increase markedly, and that, when 
zine dosage is discontinued, urinary zinc rapidly falls to the normal level. 
In view of the absence of abnormal clinical findings in the urine of our 
zinced animals during life, and of the normal histological findings in the 
kidneys of these animals following autopsy, this marked increase in urinary 
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zine during zine feeding is a point especially to be noted. Batchelor 
Fehnel, Thomson, and Drinker (1926) observed the same thing in their 
studies upon zine excretion among zine workmen—i.e., abnormal amounts 
of zine in the urine for periods of many years, but unassociated with evi- 
dence of kidney damage. 

The rapid disappearance of abnormal amounts of zine from the urine 


when zinc feeding is discontinued suggests that significant abnormal 


MILLIGRAMS OF ZINC IN 24-HOUR URINE 


INDIVIDUAL COLLECTIONS 


CAT 10 


KEY @B NORMAL PERIOD [2 ZINC-FEEDING PERIOD TWO WEEKS OFF ZINC 


Fig. 5. Average 24-hour excretion of zine in the urine of normal cats and dogs 
contrasted with the amounts of zine excreted in the urine of the same animals during 
zine feeding, and, in the cats during a 2-week period following the discontinuance of 
zine feeding. Note the fall of urinary zinc to a normal level when zine dosing is dis- 
continued. Zinc in individual specimens from cat 10 and from dog 4 during control 
and experimental periods is also plotted to show 24-hourly variations in zine excre- 
tion in spite of constant dose, 


amounts of zine are not stored in the body, but that zinc in excess of the 
normal body requirement is excreted approximately as rapidly as it is 
taken in. We have not been able to correlate the amounts of zine in the 
urine with the size of the zinc dose. Dog 2, for example, on a daily dose of 
1 gram of zine oxide, excreted, as a rule, less zine in the urine than dog 4 
on a daily dose of } gram. 

Zinc in feces of zinc-fed animals. Analyses were not made routinely 
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upon the feces of zinc-fed animals because, in our opinion, the results 
would be of little value since it would be impossible to determine how much 
of the zinc recovered represented zine which had been absorbed and subse- 
quently excreted, and how much of it represented zine which had passed 
through the intestinal tract unabsorbed. A single analysis of fecal zinc 


TABLE 3 
Zinc in urine 8 of cat 10 and dog , during control pe riods, during zinc feeding, and in 


cat 10 during two weeks follou ing discontinuance of zinc fe¢ ding 


URINE 
ANIMAL PERIOD DATE - Zine 
«t-HOUR 
VOLUME In 
24 hours 
Normal October 31 63 0.11 0.002 
November 13 72 0.07 0.001 
Zine feeding 
November 25, 1925 December 23 42 0.35 0.008 
Cat 10 to January 7 52 0.80 0.015 
| February 5, 1926 January 16 47 0.52 0.011 
January 27 40 0.32 0.008 
300 mgm. ZnO daily 
February 6 71 0.40 0.005 
| Off zine February 12 100 0.26 0.003 
February 16 50 0.16 0.003 
November 20 195 0.55 0.003 
Normal December 2 60 0.28 0.005 
December 9 154.5 0.59 0.004 
| Zine feeding December 30 114 1.14 0.010 
| January 15 122 3.20 0.026 
Dog 4 | December 17, 1925 January 27 80 1.68 0.021 
to February 6 135 1.10 0.008 
April 30, 1926 February 13 125 0.77 0.006 
March 3 95 0.81 0.009 
| 0.5 gram ZnO daily March 12 150 0.78 0.005 
March 30 116 1.32 0.011 
April 27 270 1.72 0.006 


made on a 24-hour specimen from cat 9 (daily dose, 250 mgm. zine oxide) 
gave 265.8 mgm. zinc, a figure which indicates, obviously, that ingested 
zine leaves the body in major part in the feces. No special significance 
need be attached to the fact that in this particular instance, the zine out- 
put for one day was greater than the daily dose. Our experience with 


| 


LONG-CONTINUED INGESTION OF ZINC BY CATS AND DOGS a) 
rats? indicates that a comparison of daily zinc intake with daily zine out- 
put will reveal small lags and small spurts in zine excretion, but that, when 
a comparison of the two processes over a long period of time is made, they 
will be found to be in an approximate equilibrium. 

Pancreas as a possible factor in excretion of zinc. The fibrous changes 
observed in the pancreases of three excessively zinced cats (nos. 3, 4 and 5 
have already been discussed. When analysed chemically, the three pan- 
creases in question yielaed amounts of zinc greatly in excess of the normal 
The normal concentration of zine in cat pancreas (see table 4) is 0.026 
mgm. per gram of tissue. The concentrations in the pancreases of cats 
3, 4 and 5 were, respectively, 0.410, 0.233, 0.260. Our less heavily zinced 
cats and dogs, when killed during the course of zine administration, also 
showed a slight increase of zinc in the pancreas. At the end of two weeks 
following the discontinuance of zine, the zinc content of the pancreas 
in three cats subjected to this procedure, had, however, fallen practically 
to a normal level. 

These observations, together with some unpublished ones, in which the 
zine content of pancreases of animals subjected to the inhalation of zine 
was found to double or even treble within three hours and to reach the high 
levels of cats 3, 4, and 5 within one to four days following exposure to zine 
fume, have lead us to conceive of the possibility that the pancreas may 
serve normally as one of the agents by which zinc, or possibly other heavy 
metals, are excreted into the gastro-intestinal tract, and that the fibrosis 
in the cases under discussion may have resulted from an excessive demand 
upon the pancreas to exercise this function. 

This suggestion is obviously a tentative one, and depends for its proof 
upon confirmation of Delezenne’s finding of zinc in normal pancreatic 
juice, upon the establishment of normal standards of zine content in this 
fluid, and upon the recovery of abnormal amounts of zine in the pancreatic 
juice of zinced animals—an experiment which we plan to undertake at a 
future time. We are the more inclined to venture this hypothesis in regard 
to the pancreas because of the fact that, with the exception of the pancreas 
and the bone, the only organs which show any significant increase in zinc 
concentration following zine feeding (see figs. 6 and 7), are organs taking 
part in the excretion of this metal,—viz., liver, gall bladder and bile (ana- 
lysed together), gastro-intestinal tract, and kidney. The zine concentra- 
tion of bone falls to a normal level in cats on discontinuance of zinc feeding 
(see fig. 6), while that of the pancreas, like the liver, falls—but not within 
two weeks to the normal level—thus suggesting an excretory mechanism 
still at work. 

In summary, we may say that our evidence in regard to the excretion of 


2 Unpublished data. 
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BY CATS AND DOGS v4 


INGESTION ZIN¢ 


LONG-CONTINUED OF 


zine confirms that in the literature—namely, that a small frac 


absorbed zine leaves the body in the urine, but that the main 


is excreted into the alimentary tract— some of it directly, some of | 
liver into the bile, and possibly some of it by the pancreas and ultimately 


leaves the body in the feces. 


ZINC STORAGE. Zinc concentrations in tissues of normal cats and dog 


Table 4 contains data upon the normal zine concentration in the tissues and 


organs of cats and dogs. These figures include average normal concentra- 
tions of cat organs and tissues obtained by Lutz (1926) in this laboratory 
with his urobilin method (Lutz, 1925). Using the turbidimetrie method 


of zine analysis, we have, in a few instances (notably, gall bladder and bile 


spleen, submaxillary gland, bone, brain and cord), obtained somewha 
higher results than those reported by Lutz. In the main, however, our 


AVERAGE ZINC CONCENTRATION OF TISSUES AND ORGANS OF] NORMAL AND OF 


ZINC-FED | | 


Fat Blodgd Brain Heart Lunes Spleen Submax. Muselk Thyrord t Intest 


Gland T armuw 


Vig. 7. Average zine concentrations of tissues and organs of normal dogs (black 
columns) plotted against average zine concentrations of tissues and organs of zinc- 
fed dogs (white columns). See text for comment on significant points. 


figures and those of Lutz closely conform. In plotting normal zine con- 
centrations in cat tissue we have used an average normal obtained 

averaging our normal figure with Lutz’s average for the same tissue. 
The data upon normal dogs, however, are entirely new and are presented in 
detail (table 4) because of the absence in the literature of adequate normal 
standards of zine concentration in dog tissues, and because of their useful- 
ness in investigations not only upon the physiological action of abnormal 
amounts of zinc but upon the normal zine metabolism as well. The 
percentage distribution of the total zine content of a normal dog is plotted 
in figure 8. Of a total of 556.55 mgm. of zine recovered from this animal, 
approximately 52 per cent was localized in muscle, 26 per cent in bone, 


and 13 per cent in hide. 


Zinc concentrations in tissues of zinced animals. Ten cats and three dogs 
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LONG-CONTINUED INGESTION OF ZIN¢ 


are included in this section, the daily doses of zinc oxide varying from 

to 1000 mgm. and the duration of zinc administration from three to fifty- 
three weeks. For convenience in analysis, the cats have been divided 

four groups—i.e., four cats (nos. 1, 8, 7 and 3A, see table 1) receiving large 
daily doses of zine oxide (200 to 354 mgm.) and killed at the height of zin« 
administration; three mate cats (nos. 10, 9 and 2A) receiving similar doses 
for similar periods of time but not killed until two weeks after discontinu- 
ance of zinc administration; two cats (nos. 3 and 5) receiving excessively 
large daily doses of zine oxide (681 to 1000 mgm.) and killed during zine 


PERCENTAGE DISTRIBUTION OF TOTAL ZINC CONTENT 
OF A NORMAL DOG (DOG 3) 


lig. 8. Percentage distribution of the total zine content 556.55 mgm of a 
normal dog (dog 3). 


administration; one cat (no. 4), a mate to cat 5, receiving a similar dose for 
a similar period of time but not killed until two weeks after the discontinu- 


ance of zinc dosing. Details as to size and duration of dose for individual 


animals may be obtained from table 1. 

The average zinc concentrations in the organs and tissues of the cats in 
each of these groups is plotted in figure 6 against the average normal zine 
concentration of cat tissues and organs. Our studies upon zine storage 
include, besides these cats, three dogs, two of which received } gram of 
zine oxide daily for three weeks (dog 5) and for nineteen weeks (dog 4), 
respectively, and one which received 1 gram daily for fifteen weeks (dog 2). 
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ZINC CONCENTRATION IN LI 
NORMAL AND OF ZINC-FE 


Fig. 9. Zine concentrations of 
livers of six zine-fed cats (200 to 
1000 mgm. zine oxide daily) killed 
at height of zine administration 
white columns), and of four cats 
on similar doses for similar periods 
of time but killed two weeks after 
zine dosing 
cross-hatched columns), plotted 


discontinuance of 


against the zine concentration of 
the livers of seven normal cats 
(black Note the 
portion between size of dose and 
zine concentration in the 
and the rapid fall in liver zine con- 
centration when zine dosing is dis- 
The numbers at the 
tops of the columns indicate daily 


columns). pro- 


liver, 


continued. 


zine doses in milligrams of zine 
oxide. 
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Dogs 2 and 4 experienced no ill health 
and were killed the day following the last 
dose of zinc. Dog 5 died of an intercur- 
rent distemper pneumonia after only 
three weeks of zincing. The average 
concentrations of zine in the organs of 
these three dogs are plotted in figure 7 
against the average normal zine concen- 
tration of dog tissues and organs. 

The significant facts upon zine storage 
brought out in figures 6 and 7 may be 
summed up as follows: 

a. The ingestion of zinc oxide over long 
periods of time, even in very large 
amounts, does not increase the zine con- 
centration of fat, brain and cord, heart, 
hide, lungs, muscle,’ spleen, submaxillary 
or thyroid glands. The slight apparent 
increase in cat hide concentrations shown 
in figure 6 in the heavily zinced cats is so 
probably due to slight contamination of 
the fur with zine oxide of the dose that 
we attribute no significance to it. 

b. Zine concentration in the blood of 
cats and dogs is not significantly increased 
unless the amount of zinc oxide ingested 
be excessively large, and a blood increase 
depending on excessive ingestion rapidly 
falls to a normal level when zine dosing is 
discontinued. 

ec. The zine concentrations of organs 
involved in the excretion of zinc—i.e., 
liver, gall bladder with its content of bile, 
gastro-intestinal tract and kidney- 
increased as a result of zine oxide inges- 
tion, the increase in general varying 


are 


’ The figures for muscle used in the charts were derived by averaging the zinc 
figure obtained from analysis of an approximately 100-gram sample of pure muscle 
of a particular animal with the figure obtained from the analysis of the great mass of 
muscle, ligaments, and bits of fat left after complete removal of organs and bones 


(following prolonged boiling in water). 


The zine concentrations of pure muscle and 


of this muscle mass were so nearly identical as to make this procedure a justifiable 


one. 
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directly with the sizeof the dose. The zinc concentrations in these organs 
however, fall rapidly to or towards the normal level when zinc administra- 
tion is discontinued. This fact is graphically shown in figure 9, in which 
are plotted the zine concentrations of the livers of ten zinc-fed cats (four 
of them off zine for two weeks) against normal zine figures for cat liver 
(seven observations). 

d. The zine concentration of the pancreas is increased by zinc feeding, 
the increase being greatest in the animals receiving excessive doses, but 
falls off on discontinuance of zinc administration. A possible excretory 
function of the pancreas is suggested in this connection. 

e. Bone marrow in dogs (not analysed in cats) and total bone in both 
cats and dogs show, as a result of zine feeding, an increase in zine concen- 
tration. This increase in bone returns to normal when zinc is discontinued. 

f. The total zine concentration of zinc-fed animals increases slightly with 
moderate zinc dosing and somewhat more markedly with excessive dosing, 
but falls to a normal level when zine dosing is discontinued. This fact is a 
striking and significant one. 

The zine concentrations of the adrenals and of the sex glands in the vari- 
ous control and experimental animals are not charted because the normal 
figures for these organs, as well as the figures from the zinced animals, 
show such great variability as to suggest that the zine content of these 
glands may be dependent upon functional activity,‘ varying with the state 
of the gland at the time it happens to be taken for analysis. The following 
figures illustrate, for example, the variable zine concentrations found in 
the adrenals of different animals: 


Mgr 
Normal control male, cat 6 : . 0 194 
Castrated male, zinced cat 9 0.020 
Female, zinced cat 1 0.166 
Male, zinced cat 10 0.268 
3-weeks old kitten (nursing zine-fed mother 0.750 
8-weeks old kitten (). 470 


The following are a few figures upon the zine content of ovaries of differ- 
ent zinced cats. Unfortunately we have no normal ovarian figures. 


Mam. of zine 

per gram 

f tissue 

Cat 2A 0. 523* 
Cat 3 0. 036+ 


* Mate to 3A and off zine for two weeks. Note, however, the much higher zine 
figure. 
+t Excessively zinced cat. 


4 For discussion cf zine in its relation to functional activity, see Drinker and 
Collier (1926). 
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In a consideration of figure 7, plotted from analyses of the organs of 
zinced dogs 2, 4 and 5, it is worthy of comment that the zine concentra- 
tions of the bone, bone marrow, combined gall bladder and bile, gastro- 
intestinal tract, hide, kidneys and liver in dog 5 were markedly higher than 
the zine concentrations in the same organs of dogs 2 and 4, both of which 
had ingested zinc, and dog 2 in double the dose, for a much longer period of 
time. The contrasting figures in milligrams per gram of tissue are as 
follows (dog 5 versus the average of dogs 2 and 4): bone marrow, 0.26 vs. 
0.035; bone, 0.28 vs. 0.21; gall bladder and bile, 0.076 vs. 0.050; gastro- 
intestinal tract, 0.075 vs. 0.040; hide, 0.063 vs. 0.039; kidney, 0.183 vs. 
0.035; liver, 0.224 vs. 0.097; total dog, 0.068 vs. 0.046. 

Three possible explanations of these higher zine concentrations in dog 
5 present themselves: the possible existence of exceptional animals with a 
greater tendency than the average to store zinc; the possibility that the 
normal tendency to excrete zinc is interrupted or impeded by intercurrent 
disease or that a leucocytic infiltration of the affected parts increases their 
zine content (cf. Delezenne’s finding of high zine content in leucocytes) ; 
or, to our minds, the much more probable explanation that, when an ani- 
mal’s zine intake is markedly increased, a definite interval of time is re- 
quired for an approximate equilibrium between zine intake and zine ex- 
cretion to be established, and that during this early interval of adjustment 
the zine concentration in certain organs probably reaches a much higher 
level than is the case later when the excretory mechanism has adapted 
itself to its new requirements. With the exception of dog 5, all of our 
zinced animals have been killed after many weeks of zinc administration, 
so we have no confirmatory evidence of this explanation of the discrepancy 
between dog 5 and dogs 2 and 4, and are able to present it as a suggestion 
only. 


SUMMARY AND CONCLUSIONS 


Cats and dogs have been fed with daily doses of zine oxide ranging from 
175 to 1000 mgm. and for periods of time varying from three to fifty- 
three weeks. Clinical and laboratory studies made upon these animals 
include observations upon general health during the course of the experi- 
ment (weight determinations, appetite, nervous and digestive symptoms, 
condition of fur, etc.); hemoglobin and blood cell determinations; urine 
findings; gross and microscopic examination of tissues following autopsy; 
and zinc determinations in urine during the course of the experiment and in 
all organs and tissues after death. 

As a result of these studies, we have never observed any significant clini- 
cal symptom nor obtained any significant laboratory evidence of damage 
resulting from the daily ingestion of zinc oxide over long periods of time. 
With the exception of fibrous change in the pancreases of three cats sub- 
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jected to doses of zinc very greatly in excess of any possible human ex 
sure, histological examination following autopsy has shown in the organs of 
zinced cats and dogs no damage of any sort attributable to zine 

The normal amount of zine excreted daily in cat urine is shown to range 
between 0.06 and 0.43 mgm.; in dog urine, between 0.13 and 0.59 mgm 
in dog feces, between approximately 5.0 and 25.0 mgm. 

Our studies upon zine excretion in zine-fed animals indicate that a small 
fraction of absorbed zinc leaves the body in the urine, but that the main 
bulk of it is excreted into the alimentary tract-—some of it directly, some of 
it by the liver into the bile, and possibly some of it by the pancreas —~and 
ultimately leaves the body in the feces. The amount of zine in the urine 
of zine-fed animals is markedly increased over the normal, though the 
total amount of zinc in the urine is but a small fraction of the total excreted 
It is worthy of note that our animals excreted abnormal amounts of zin¢ 
through the kidneys for months without any histological evidence of 
kidney damage. 

Figures are presented upon the normal zine concentrations in the tissues 
and organs of cats and dogs, upon the zine concentrations in the tissues and 
organs of zinced animals, and of zinced animals from which zine admin- 
istration had been discontinued for two weeks. These data indicate that 
the zine concentrations of organs involved in the excretion of zine (liver, 
gall bladder and bile, gastro-intestinal tract, and kidney) are increased as a 
result of zinc oxide ingestion, but that these abnormal concentrations fall 
rapidly to the normal level when zine dosing is discontinued. Zine con- 
centrations in bone, bone marrow, and pancreas are also increased by zine 
feeding——increases which fall towards the normal level on discontinuance 
of zinc. A possible excretory function of the pancreas is suggested in this 
connection. 

The total zine concentration of zinc-fed animals increases slightly with 
moderate zine dosing and somewhat more markedly with excessive zine 
dosing, but falls practically toa normal level within a short time (two weeks 
after zine dosing is discontinued. 

A possible connection is suggested between the zine content and the 
functional activity of the adrenals and of the sex giands. 
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THE EFFECT OF ZINC FEEDING UPON REPRODUCTION AND UPON THE 
GROWTH OF YOUNG RATs. <A few years ago Bertrand and Vladeseo (1920, 
1921c) made the observation that the normal zine concentration of various 
male reproductive organs and fluids in the sheep, bull, pig, horse, herring 
and man was often noticeably high compared with the concentration in the 
entire body. In the herring, a high concentration in the testes seemed to 
be correlated with the period of physiologic functioning. The results 
obtained in this laboratory during the past two years on rats, cats and 
dogs have indicated that the normal zine concentration of both male and 
female reproductive organs is often very high. In the male cat and dog, 
the testes only were analyzed and were found to be rather low in zine. 
In the rat, however, the seminal vesicles were included in the analysis and 
the zine concentration was uniformly high compared with the concentra- 
tion in the total animal. These findings gave added weight to the sug- 
gestion advanced by Bertrand and Vladesco that zinc may normally play 
a very important role in the phenomenon of reproduction. In this con- 
nection, we felt it of interest to determine whether or not zine feeding 
would produce any variation from the normal in the content of the repro- 
ductive organs or in their physiological functioning. 


Experimental procedures. The albino rat was chosen as being the most 


suitable animal in which to study growth and reproduction without unduly 
prolonging the experimental period. One year of a rat’s life, as worked 
out by Donaldson (1924, p. 3) is approximately comparable to thirty years 
in the human cycle. White rats reproduce freely and often, the gestation 
period being only three weeks, and the number of young in a litter averag- 
ing about seven. 

Our experimental parent rats were, for the most part, adult males and 
females which had received previously for twenty-nine weeks (from the 
time they were six weeks old), in the form of organic zine salt solutions 
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malate, acetate and citrate), daily doses of zine ranging from 4.4 to 
12.4 mgm. A few of the parent males, however, were white rats of differ- 
ent stock which had been on heavy suspensions of zine oxide in gum acacia 

34.4 mgm. of zine daily—for twenty-nine weeks (from the time they were 
twenty-six weeks old). 

Under the régime of zine feeding, the organic zine salt rats had grown in 
a normal manner and appeared perfectly healthy. The zine oxide males, 
however, though their growth had been normal, had, unfortunately, been 
in contact with other rats which had so-called rat pneumonia. As it 
developed soon after the experiment was begun that the zine oxide males 
were infected with this disease, they were eliminated from the experiment 
after they had served as sires in three matings, one of which proved sterile, 
and were replaced with one of the zine malate sires and with another rat 
which had been on zine acetate solution (2 mgm. of zine daily) for forty- 
six weeks (from the time he was twelve weeks old), but which had been in 
isolated confined surroundings and on a slightly different diet. This zine 
acetate rat was in good health, but was, like the zine oxide sires, nearly 
twice as old as the female with which he was mated. 

For controls, we mated rats which were of the same age and which had 
been maintained in the same surroundings for the same length of time and 
on the same diet as the zine salt rats, but with water to drink instead of 
zine salt solutions. 

Throughout the experiment, the daily diet was as follows: 


Stock mixture: 
Rolled oats 5 
Hominy 
Milk powder... vie 
Salt trace 


parts 


Molasses horse feed (alfalfa, corn, oats and molasses 
Dog biscuit 
Lettuce twice weekly 


Liquid, which was always measured in order to have a record of fluid 
consumption, was given either in the form of distilled water, a zine salt 
solution, or a suspension of zine oxide in 3 per cent gum acacia, according 
to the group to which the mated pair belonged. In the case of the zine 
salt rats, the zine dose was calculated from the fluid consumption. For 
the zine oxide rats, a solution was made up weekly containing a known 
analyzed amount of zine oxide and from this stock the cage burettes were 
filled as needed. At the end of the week all that was left of the stock 
solution was analyzed for zine and subtraction of the two analyses gave 
the figure for the amount of zine the pair of rats had ingested. This 


procedure was necessary, owing to the tendency of the zine oxide to settle 


REPRODUCTION AND GROWTH UNDER ZIN¢ 


REMARKS 


litters 


IS in 


Zine 


liter 


icetate 
citrate, 


OX 


adavs ol 


Zine 
Zine 
Zinc 


D 


M 


Totals for five zineed f 


Average number per 


SERIES 


$10 


| = 
| 
= 
= = x4 2 
‘ sE¢ NN N N — oc 
~ 7 ; 
= I~ - 4 
om 
£E = 
z ~ nga 
=f 
=~ 


68 P. K. THOMPSON, M. MARSH AND K. R. DRINKER 


out and thus to render inaccurate, dose figures obtained from fluid con- 
sumption. 

The males were kept with the females throughout the experiment, so 
that second and third matings were dated from the time the first and 
second litters were born. 

At the birth of a litter, two of the young were weighed and chloroformed 
for zine analysis. The rest of the litter, regardless of number, was left 
with the mother for twenty-three days. The young rats were then weaned 
and distributed in other cages according to whatever zine dose was allotted 
to them. In this manner, each pair of parent rats had two litters, each 
of which was allowed to grow to at least sixty days of age, in order to 
determine the effect of zine on their early growth curves. In a few cases, 
three litters were born. 

As the experiment carried to this point had not demonstrated any 
significant variation from the normal that could be attributed to zine, 
we did not proceed with enlarging the numbers in the second generation or 
with breeding the second and third generations of rats, as had been our 
original plan, the work entailed far outweighing the value of the results to 
be anticipated. 

Experimental results. Table 1 shows how the rats were mated; the 
periods of time during which they had been zinced previous to mating: 
their zinc doses during this experiment; the number of litters; the total 
number of offspring; and the number of young which died during the period 
they were with their parents. The figure for deaths among the young 
includes deaths from all causes—still-born births, young killed and eaten 
by the parents (a very common occurrence among normal rats (Evans 
and Bishop, 1923)), ete.—and is not at all an index of the health of the 
young at birth. No young rats died after weaning. 

To the five females in the zinced group, seventy young were born 
(also eight unborn embryos found in one female at autopsy) during a 96- 
day period. There were eleven litters (the twelfth was embryonic) from 
fifteen matings. This is 15.6 offspring (including embryos) per mother, 
or 5.2 per mating. Thirty-two and nine-tenths per cent of the young 
born died or were killed by the parents. 

In the control group, to the three mothers fifty-six young were born 
(also four embryos found) during the same period of time. There were 
eight litters (the ninth was embryonic) resulting from nine matings. 
This is 20.0 offspring, including embryos, per mother, or 6.6 per mating. 
Fifty per cent of the young born died or were killed by the parents. 

The good health subsequent to weaning of the young in the various 
litters—zinced rats and water controls alike-—as indicated in figures 1 
and 2, which present the average growth curves of the various litters as 
compared with Donaldson’s (1924, p. 178) average normal growth curves 
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for male and female albino rats. At the time of weaning, each litter 
was put on the same régime as the parents, 1.e., litters from water parents 
were put on water, litters from zinc malate parents were put on zinc 
malate, ete. There was one exception to this procedure. Owing to lack 
of zine oxide offspring, after weaning we put one of the second litters of 
zinc malate parents on zinc oxide. 

The average curves given in figures | and 2 are made up of the following 


number of individual curves: 

Males Femal: 
Water rats 9 and 12 
Zine malate 13 and 4 
Zine acetate.... . 4and 1 
Zine oxide....... . sand 3 
Donaldson’s normal rats......... ane and 50 


GROWTH CURVES OF ZINC-FED FEMALE RATS GROWTH CURVES OF ZINC-FED MALE RATS 
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Fig. 1 Fig. 2 
Fig. 1. Growth curves of zinc-fed female rats plotted against the average growth 
curve of normal female rats, as determined by Donaldson. 
Fig. 2. Growth curves of zine-fed male rats plotted against the average growth 
curve of normal male rats, as determined by Donaldson. 


Several of the second litters of offspring were transferred, at the end of 
the 60-day period, to another laboratory, where they were later used for 
breeding purposes. They reproduced in a perfectly normal manner, 
having large litters with no history of the death of any considerable number 
of the offspring. 
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At autopsy, the reproductive organs of the mated zinced male rats 
showed no difference in zine concentration from that of unmated zinced 
males, and the reproductive organs of the zinc-fed rats showed no increase 
in zine over those of the normals. Rat ovaries were not analyzed, since 
they are too small to give reliable analytical results. 

Summarizing, we may say that the feeding of organic zinc salts or of 
zine oxide in doses of from 2 to 38 mgm. of zine daily to albino rats, not 
only for many weeks previous to mating, but during pregnancy and lac- 
tation as well, has no significant effect upon the health of the parents, 
upon fertility, nor upon the health and the early growth of the offspring. 
The offspring of zinced parents, weaned at twenty-three days of age and 
themselves put upon daily doses of zinc, grow at a normal rate and toa 
normal adult size. 

The experiment has not thrown any light upon the cause of the high 
zine concentration often found in reproductive organs, nor upon the pos- 
sible réle which zine may play in the phenomenon of reproduction. 

THE EFFECT OF ZINC FEEDING UPON THE TOTAL ZINC CONTENT OF RATS 
OF DIFFERENT AGES, TOGETHER WITH DATA UPON THE NORMAL ZINC CON- 
TENT OF NEW-BORN, 60-DAY OLD AND ADULT RATS. In 1921, Bertrand and 
Vladeseo (1921a) reported figures upon the zine content of rabbits, guinea 
pigs, hens, mice and fish, raised under controlled conditions and ranging 
in age from three days to seven years. On the basis of figures obtained on 
the mouse, the hen, and the fish, Jdus Orfus, these authors concluded that 
in general zine is at a maximum In young life, being in all probability high- 
est at birth; that it then diminishes gradually to a minimum level; and that 
it may rise again in old age. A second experiment by these same investi- 
gators (1921b) on rabbits a few hours to six weeks old, raised under con- 
trolled conditions but in a different laboratory and on a different diet 
from those in the first experiment, led to the conclusion that the total 
zine content of the rabbit is at a maximum at birth, declines during lacta- 
tion, and increases rapidly again when the animals are put on a regular 
mixed diet after being weaned. In our opinion, many more corroborative 
figures are needed in order to rule out normal variations which may pos: 
sibly occur at any given age, even on a constant diet. 

Giaya (1920) from analyses of viscera obtained at fourteen human 
autopsies on individuals who had given no history of having ingested zine 
in excess of the normal amount in food, concluded that zine content in- 
creases with age. The figures which Giaya presented support his assump- 
tion, but, in our opinion, the surroundings and diet of his subjects were 
too uncontrolled to warrant his results serving as a sound basis from 
which to draw such conclusions. 


Lutz (1926) analyzing ten normal rats living on a constant diet, found 


approximately uniform concentrations of zine (0.022 to 0.036 mgm. per 
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gram) at all ages from approximately twenty-one days of age through an 
ascending series up to 160 days of age. 

Fairhall' in this laboratory analyzed six approximately 500-day old 
rats, which had been for twenty-eight weeks under the strictly controlled 
régime of a normal zine balance experiment, and found their total body 
concentration in zine to be very uniform—viz., 0.032 to 0.036 mgm. per 
gram. 

The control rat families in our fertility experiments provided us with 
excellent material for additional study upon the influence of age on zine 
concentration in rats. We wished to see, furthermore, what effect, if 
any, zine feeding might have on the total zine concentration at different 
ages. 

Experimental procedures. A few hours after a litter of rats was born, 
two members of the litter were chloroformed for analysis. A second group 
of rats was analyzed when sixty days old; and a third group in adult life. 

The new-born animals were washed with dilute hydrochloric acid and 


distilled water, to remove any possible extraneous zinc that they might have 


picked up from their surroundings. All the other animals had the gastro- 
intestinal tract removed intact, slit up, and the contents washed out. 
The hides, and, in the case of the zinced animals, the mouths and throats 
were also thoroughly washed. 

The methods of zine analysis were those outlined by Fairhall (1926). 
Zinc, when under 2 mgm. in amount, was estimated by the ferrocyanide 
turbidimetrie method; when over 2 mgm., by the ferrocyanide titration 
method. 

Experimental results. The effect of zine feeding upon the total zine 
concentration of new-born, 60-day old, and fully grown rats is shown in 
table 2. This table also gives control figures upon the normal zine con- 
centration of rats of different ages. These latter figures for the total zine 
concentration in normal rats are, on the whole, slightly higher than those of 
Fairhall and of Lutz—an observation which may possibly be accounted 
for by the fact that at the time of our experiment our stock foods were 
running higher in zine than had been the case with theirs. 

There is no indication from our figures of any correlation of the age of 
the animal with the total zine concentration—the average zine concentra- 
tion (in milligrams per gram of tissue) of new-born, 69-day old and adult 
rats being, respectively, 0.038, 0.039 and 0.049 mgm. The individual 
figures in the three groups range from 0.030 to 0.051 mgm.? 


1 Unpublished data. Personal communication. 

2 Our opinion that new-born animals do not show asignificantly higher zine concen- 
tration than do adult animals of the same species is further confirmed by determina- 
tions of the zine content of three new-born (placenta still attached) kittens, vigorous 
but of poor stock, found abandoned in the laboratory. We had no clue as to the 
mother’s history except that she was a stray cat and had not been zinc-fed. 
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There seems also to be no significant increase in zine concentration with 


zine feeding, except possibly in the case of the adult zine oxide rats, where 
+} 


both the average and the individual analyses are somewhat higher than 


those of normal rats of the same age. There are, however, a few cases 
where new-born and 60-day old rats have reached as high a level, but this 


was not maintained by the group as a whole. In terms of total zine in 
the rat, a control adult with a zine concentration of 0.040 and weighing 


216 grams without intestinal contents had, for example, a total zine con- 
tent of 8.56 mgm. A zinc oxide adult of approximately the same weight, 
218.6 grams (with a concentration of 0.056), had a total zine content of 12.14 


mgm. The total increase in zine content during the long period of zine 


feeding was, therefore, in this particular case 3.58 mgm., an amount not 


very significant in terms of storage. 


SUMMARY AND CONCLUSIONS 


The feeding of organic zine salt solutions (acetate, citrate and malate 
or of zine oxide suspensions in doses of from 2 to 38 mgm. of zine daily 
to albino rats, not only for many weeks previous to mating, but during 


pregnancy and lactation as well, has no significant effect upon the health 
of the parents, upon fertility, nor upon the health and early growth of the 


offspring. 
The offspring of zinced parents, weaned at twenty-three days of age and 
themselves put upon daily doses of zine, grow at a normal rate and to a 


normal adult size. 
The average normal zine concentration of albino rats does not vary 


significantly at different ages, the average total zinc concentrations of new- 
born, 60-day old, and of adult rats being, respectively, 0.038, 0.039 and 
0.040 mgm. of zine per gram of tissue. This constancy of zine concentra- 
tion, regardless of age, is suggestive evidence of a functional importance on 


the part of this metal. 

With the exception of slight increases in total zine concentration result- 
ing from the feeding of heavy zinc oxide suspensions over long periods of 
time, the ingestion of zinc in the form of organic salt solutions or of oxide 
suspensions has no effect upon the total zine concentration of the albino 
rat. That is to say, zine compounds given by mouth to the rat do not 
usually result in storage of zine in the animal in amounts above the normal. 


Zine analyses on these kittens gave the following figures for total zine concentra- 
tions: 0.022, 0.023 and 0.030 mgm. per gram. The average zine concentration of 
an adult cat according to Lutz (1926) is 0.033; according to our own observations 
0.031. The variation between these sets of figures is well within the normal varia- 
tions at any one age. 
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If storage in excess of the normal quota does occur, the amounts stored are 
very small and have no effect upon the health of the animal.® 
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The phenomenon of hibernation in the mammal is of interest, present- 
ing, as it does, peculiar problems in heat regulation and metabolism. ‘The 
transition from the homoiothermic to the poikilothermic state and the 
associated nutritional changes have been the subject of considerable 
research. Since much of the previous evidence seemed to indicate the 
existence of a close relationship between the mechanism of hibernation 
and the blood sugar level, the authors (1925) reported the results of 
experiments in which the combined effects of lowered body temperature 
and of insulin hypoglycemia were investigated. Inasmuch as animals 
that hibernate naturally were not obtainable at the time, dogs and cats 
were used. It was found that even in these animals a state simulating 
hibernation could be induced. The dogs and cats were anesthetized with 
amytal, cooled by immersion in a cold bath, and then given insulin. ‘Two 
to four hours later, when the blood sugar concentration had fallen to 45 
mgm. per cent (c7rc.), the animals ceased to shiver even though their 
body temperature was about 13°C. below the normal. The condition of 
the animals at this time was such as to suggest an analogy to the hiber- 
nating state particularly in the following respects: 1, the tendency of 
the animal to assume the temperature of its surroundings; 2, the absence 
of shivering and of spontaneous movements; 3, the loss of consciousness; 


4, the profound reduction in the rate of metabolism; and 5, a prolonged 


state of hypoglycemia without convulsions. Since it appeared that the 
capacity for shivering was of prime importance as regards the recovery 
of normal temperature, and since this in turn had been found to depend 
upon the concentration of the blood sugar, it was concluded that insulin 
was related to the mechanism of hibernation. The results of similar 
experiments on an hibernating species are reported in the present com- 
munication. 

American woodchucks (Arctomys monax) were used in this research. 
These animals were trapped during the month of May, and for a month 
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preceding the experiments were kept in large wire cages, their food con- 
sisting for the most part of green vegetables, potatoes, and carrots. At 
the time of use the animals were all healthy and active. In the earlier 
experiments the method of procedure was the same as that described in 
our previous paper (1925). The protocol of one of these experiments 
follows: 


Woodchuck 1. Weight 1.51 kgm. 


:51 Given 0.5 ec. of 10 per cent sodium amytal solution per kilogram intraperi- 
toneally. Body temperature 38.7°C. 


11:25 Immersed in a cold bath. Vigorous shivering 
11:40 Body temperature 22.5°C. Removed from bath 
2:00 Body temperature 20°C. Blood sugar 116 mgm. per cent 


2:05 Given 3 units insulin per kilogram. Shivering vigorously 
2:25 Body temperature 24°C. Animal wetted 

12:50 Body temperature 23.3°C. Shivering vigorously 

2:50 Body temperature 24°C. Shivering vigorously 


w 
or 


Body temperature 25.1°C. Shivering vigorously 

‘40 Blood sugar 56 mgm. per cent. 

:15 Body temperature 26°C. Animal given 3 units insulin per kilogram 
Body temperature 27°C. Immersed in cold bath 

:31 Body temperature 22.6°C. Removed from bath 

:45 Body temperature 19.7°C. Animal still shivering 

Blood sugar 67 mgm. per cent. Given 3 units insulin per kilogram 
Body temperature 21.7°C. Shivering vigorously 


to 


bo 


30 Blood sugar 51 mgm. percent. Given 5 units insulin per kilogram 

:30 Body temperature 25°C. Shivering vigorously 

Given 5 units insulin per kilogram. Immersed in cold bath 

:45 Body temperature 23.5°C. Removed from bath. Shivering vigorously 

:00 Body temperature 25.5°C. Blood sugar 44 mgm. per cent. Shivering vigor- 
ously. Animal killed 


0 0 NI 
w 
or 


In the above experiment shivering was not abolished at any time, and 
the temperature of the animal tended to rise whenever it was below nor- 
mal. It was inferred that this was due to the fact that the blood sugar 
concentration did not at any time fall to a sufficiently low level to abolish 
shivering, even though large amounts of insulin had been injected. In 
order to produce a more profound hypoglycemia, another woodchuck 
was given insulin before immersion in the cold water; for, as has long been 
known, the emotional stimulation caused by the sudden exposure of an 
animal to cold produces a rise in the blood sugar concentration. The 
details of this experiment are given below: 


Woodchuck 2. We ight 1.55 kgm. 
June 21 

10:45 Given 0.5 ce. of 10 per cent sodium amytal solution per kilogram 
11:05 Given 0.1 cc. amytal per kilogram 

11:30 Given 0.1 ec. amytal per kilogram 


11:50 Body temperature 38°C. Blood sugar 161 mgm. per cent 


WOODCHUCK 


IN THE 


HIBERNATION 


ARTIFICIAL 


Given 5 units of insulin per kilogram subcutaneously 
Blood sugar 44 mgm. per cent 

:05 Given 5 units of insulin per kilogram subcutaneously 
Animal completely relaxed 

:10 Body temperature 37°C. Blood sugar 36 mgm. per cent 

:18 Body temperature 37°C. Feeble tonic convulsion 

:30 Immersed in cold bath. No shivering 

Slight shivering. Removed from bath. Blood sugar 97 mgm. per cen 


 bO 
2 


t 


:45 Immersed in bath 

:07 Removed from bath. Slight shivering. Body temperature 22°C 

Body temperature 21.5°C. 

:55 Body temperature 18°C. Shivering vigorously 

:25 Blood sugar 70 mgm. per cent. Given 5 units of insulin per kilogram sub- 


© 0 OW 


cutaneously 


»2 


Ju 
12: Body temperature 26°C. Shivering vigorously. Immersed in bath 
12:27 Body temperature 20.8°C. Shivering vigorously. Removed from bath 
12:50 Body temperature 20.3°C. Shivering vigorously 
1:40 Body temperature 26.5°C. Shivering vigorously. Given 10 units of insulin 


per kilogram 
9:50 Animal in a state of profound torpidity, lying partly turned on its back with 
limbs outstretched. Body temperature 24°C. Temperature of room 23°C 
10:54 Body temperature 24°C. Blood sugar 19 mgm. per cent 
2:12 Body temperature 25°C. Temperature of room 23.5°C 
4:36 Body temperature 25.5°C. Temperature of room 23.4°C. 
9:30 Body temperature 25.7°C. Temperature of room 23.5°C 


June 23 


9:00 Body temperature 30°C. Temperature of room 24°C. Blood sugar 59 mgm 


per cent. Animal semi-torpid and capable of slow movement, if stimulated 
Wetted with cold water. No shivering 

9:10 Given 5 units of insulin per kilogram 

11:15 Body temperature 21.5°C. 

5:21 Body temperature 22.5°C. Blood sugar 60 mgm. percent. Feeble movements 
and slight shivering. Animal died during removal of sample 


The blood sugar concentration of this woodchuck fell to 36 mgm. per cent 
7 hours and 10 minutes after the first administration of 5 units of insulin 
per kilogram. When the animal was immersed in a cold bath, no shiver- 
ing was observed until 10 minutes had elapsed. At the moment when 
shivering was first noticed, the blood sugar had risen to 97 mgm. per cent. 
This indicates that hypoglycemia abolishes shivering in the woodchuck, 
but that immersion of an hypoglycemic woodechuck in cold water causes 
a marked increase in the blood sugar concentration, and this is followed 
by shivering. As previously pointed out by the authors (1926a) the 
domestic fowl behaves similarly. 

Once the body temperature of the woodechuck had been lowered, and 
profound hypoglycemia induced by means of repeated injections of in- 
sulin, the animal passed into a state of artificial hibernation. Before 
assuming this state of torpidity, the woodchuck was shivering vigorously, 
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and its temperature rose from 20.3°C. to 26.5°C. in 50 minutes. Several 
hours later, when the blood sugar had fallen to 19 mgm. per cent and shiver- 

ing had disappeared, the animal’s temperature fell to 24°C. and remained 
at approximately this level for 12 hours, the surrounding temperature 
varying during this period from 23°C. to 23.5°C. The following morning 
(June 23) the temperature of the animal had risen to 30°C., and the 
woodchuck was in a semi-torpid condition; 7.e., stimulation evoked slow 
body movements. It was found that the blood sugar concentration had 
increased to 59 mgm. per cent. The woodchuck was wetted with cold 
water, and given an additional 5 units of insulin per kilogram. Its tem- 
perature fell rapidly to 21.5°C., and the animal once more became com- 
pletely torpid. However, the tendency of the blood sugar level to rise 
was still marked; for, in spite of the insulin administration, the blood 
contained 60 mgm. per cent of sugar at 5:21 p.m. At this time the ani- 
mal began to shiver and move about, although its temperature had risen 
only 1°C. 

From the above it became apparent that it would be necessary to ad- 

minister insulin at intervals in order to keep these animals in a state of 
torpidity for a considerable period of time. In order to simulate more 
closely natural conditions, it was decided to give insulin to woodchucks 
and then to place them in a cool chamber. This procedure made the use 
of amytal unnecessary, and, in addition, eliminated the excessive stimula- 
tion caused by immersion in cold water. It was also possible to keep the 
animals completely dry, so that evaporation of water would not be a 
factor in lowering their body temperature. The cooling chamber was the 
same as that used by Tait and Britton (1923) in a series of experiments on 
the artificially cooled woodchuck. It was a large, felt-covered, double- 
walled chamber with a glass window through which the animal could be 
observed. ‘The space between the walls was filled with ice. The animals 
were placed in a wire cage within the chamber, to prevent them from coming 
into contact with the cold walls. 

As a control experiment, a woodchuck without insulin was placed in 
the cooling chamber for a period of 8 hours. It was able to maintain a 
body temperature of 37.3°C. without shivering or moving about to any 
considerable extent. The temperature of the chamber varied from 6°C. 
to 13°C. The animal was then given 30 units of insulin per kilogram. 
The following morning this woodchuck was partially torpid and a few 
hours later was completely dormant. Its temperature at this time was 
28°C. 

Another woodchuck was given insulin (25 units per kilogram), at 3 p.m. 
on June 24. At 6 p.m. the animal was inactive, and at 10:15 p.m. semi- 
torpid. On the morning of June 25 the animal was in a state of profound 
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torpor, its temperature having fallen to 12.1°C. The temperature 
chamber was 11°C. At 8:30 that evening the temperature of the char 
had risen to 16.5°C. and the temperature of the animal was 17.8! 


+ 


woodchuck was given a second injection of insulin. ‘The next morning 
June 26) it was still completely torpid in spite of the fact that its tem 
perature had risen to 28°C. At this time the temperature within the 
chamber was 22.5°C. The chamber was repacked with ice. At 

p.m. the temperature within the chamber had fallen to 11°C. and t} 

the animal to 10°C. The woodchuck was completely dormant and even 


°C 


Fig. 1. Curves showing the relation of the temperature of an hypogly nie wood- 
chuck to that of its environment. Continuous line—temperature of anim: Broken 
line—temperature of environment. 


the corneal reflex was absent. The next evening (June 27) the animal’s 


temperature was 11.3°C. that of the chamber being 15°C. The animal 


received a third injection of insulin (10 units per kilogram). On the 
afternoon of June 28 this woodchuck was still asleep. The temperature 
of the animal was the same as that of the chamber—19°C. The relation 
of the temperature of this animal to that of its environment is shown in 
figure 1. At 3:18 p.m. this animal received 2 cc. of adrenalin (1:1000 
solution) subcutaneously, in order to increase the blood sugar concentra- 
tion and thus cause the animal to shiver (the authors, 1926b). Fifteen 
minutes after the injection there was a marked increase in the rate and 
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depth of respiration. Six minutes later the woodchuck began to shiver 
and to move about. Unfortunately the animal died during an attempt 
to obtain a sample of blood from the heart. A similar experiment was 
carried out on an amytalized woodchuck. This animal remained dormant 
for 2} days at the end of which time it died. 

Tait and Britton (1923) found that woodchucks recovered their normal 
temperature spontaneously and promptly after having been cooled 
artificially to temperatures varying between 12°C. and 3°C. Ashas 
been described above, a woodchuck with hypoglycemia becomes poikilo- 
thermic; its temperature closely parallels that of its surroundings. The 
change from the homoiothermic to the poikilothermic condition is undoubt- 
edly a consequence of the loss of the capacity for shivering and the ability 
to carry out spontaneous movements. It has been shown by Morgulis 
(1924) that the increase in metabolic rate produced by the exposure of 
an animal to cold is due entirely to increased muscular activity. 

The degree of torpidity observed in these animals varies from time to 
time, and seems to be influenced by outside stimulation. Often when 
subjected to continued manipulation a torpid woodchuck begins to exe- 
cute slow feeble movements; as soon as it is left undisturbed, it becomes 
completely torpid again. The animals lie inert and are usually partly 
turned on their back. During some periods there is little or no muscular 
tone, the knee-jerk and corneal reflexes are absent, and the animals do 
not respond to painful stimulation. At other times there is considerable 
muscular tone, and the knee-jerk and corneal reflexes are present. Dur- 
ing profound torpor the respirations are very slow and barely perceptible. 
Occasionally a long deep respiration occurs. Biot breathing was observed 
in some instances. Immediately before becoming dormant the animals 
passed urine and feces. During torpidity small amounts of urine were 
occasionally voided. Whereas insulin convulsions may be _ produced 
readily in woodchucks at normal body temperature, no convulsions were 
observed in these animals when their body temperature had been lowered. 
Hence, lowered body temperature inhibits insulin convulsions in wood- 
chucks as it does in dogs and cats. 

The authors (1925) have shown that administration of glucose to a 
cooled hypoglycemic dog or cat causes the shivering reflex to reappear, 
and as a result the animal regains its normal condition. ‘Two grams per 
kilogram of glucose in 20 per cent solution were injected into a woodchuck 
after artificial hibernation had been induced. Shivering began 4 min- 
utes later and became vigorous within 8 minutes. Sixteen minutes after 
receiving the sugar, the animal was actively moving about and interested 
in its surroundings. Within 4 hours its temperature had risen to 36.5°C., 
and the woodchuck was entirely normal. 


ARTIFICIAL HIBERNATION IN THE WOODCHUCK 


SUMMARY 


When a woodchuck is given an amount of insulin sufficient to produce 


profound hypoglycemia, it loses its power of temperature control. If it 


then be placed in an environment even moderately cool, it passes into a 
state of artificial hibernation. The characteristics presented by an ani- 
mal in this condition are: 1, the woodchuck becomes poikilothermic; 
2, it is unable to shiver or execute spontaneous movements; 3, consciousnes 
is lost, and the animal is insensible to painful stimulation; 4, the convul- 
sions associated with insulin hypoglycemia do not occur; 5, the metabolic 
rate is greatly decreased. The state of torpor thus induced can be pro- 
longed by the administration of insulin at intervals. The injection of 
glucose terminates this condition. Shivering begins almost immediately, 
the temperature rises at a rapid, though variable, rate, and the animal 
returns to normal. 


Our thanks are due to Prof. John Tait whose kind coéperation and 
previous experiments greatly facilitated this research. 
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In the laboratory course in physiology given at this school an experi- 
ment on urine secretion was performed by the students in the fall of 1925. 
The object of the experiment, aside from purposes of instruction, was to 
collect data on the effect on the urinary output of water, chloride, inorganic 
phosphate, urea and ammonia of varying the salt and acid content of 
water drunk. The experiment was carried out as follows. 

The laboratory work in the course is done by students working in pairs; 
there were thirty-six pairs of students. For this experiment these thirty- 
six pairs were divided into twelve groups of three pairs each. One mem- 
ber of one pair in each group acted as subject, his partner measured the 
volumes and specific gravities of the samples and made the phosphate 
determinations. Another pair made the urea and ammonia determina- 
tions and the third pair determined the chlorides. The collection of samples 
was as follows: A normal subject, with protein-free urine, took nothing 
by mouth after 11:00 p.m. of the evening before the experiment. At 
exactly 8:00 a.m. he emptied his bladder, discarding the urine, and drank 
500 ec. of distilled water; the bladder was then emptied at 9, 10, 11 and 
12 o'clock. On the afternoon of the same day the analyses were made. 
On each experimental day for each group analyses of the various constit- 
uents were thus made on four consecutive hourly samples. On the 
second experimental day the procedure was exactly as outlined above ex- 
cept that the subject drank 500 cc. of 0.3 per cent NaCl instead of dis- 
tilled water, on the third day 500 ce. of 0.6 per cent NaCl and on the 
fourth day 500 ee. of 0.9 per cent NaCl. On the fifth, sixth, seventh and 
eighth experimental days the subject drank 500 ec. of N/100 HCl solu- 
tion containing 0, 0.3 per cent, 0.6 per cent and 0.9 per cent NaCl, re- 
spectively. The experimental days for any one group were scattered 
throughout the fall trimester. The complete data for one group thus give 
the specific gravity, water, chloride, phosphate, urea and ammonia output 
for four consecutive hourly periods on each of eight days, different solu- 
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tions being drunk each day. There are twelve such sets of da 

ach group of three pairs. During the mornings of collection of samp! 
the subjects performed their ordinary school work. Chlorides were 
termined by the method of Austin and Van Slyke, inorganic phospha 
by Briggs’ method, urea by urease action and direct Nesslerization 
ammonia by the permutit method. On the first experimental day for 
each group its members were carefully instructed in regard to the various 
chemical procedures; the importance of conscientiously observing the 
rules regarding the food and water intake and of careful collection of 
samples was emphasized with the subject. The chemical work of every 
group of every day was under practically constant supervision; numerous 
duplicate determinations were carried out to check the students’ work, 
and probably more than half of the students’ figures were checked by 
recalculation from their titration or colorimeter readings. The students 
engaged in this work had all had the course in biological chemistry. ‘There 
is every reason to believe that the great majority of the figures obtained 
are reasonably nearly correct. 

Each of the twelve groups worked with four urine samples on each of 
eight days. On each of these samples six procedures were carried out, 
measurement of volume and of specific gravity, determination of chloride, 
phosphate, urea and ammonia. Each group thus carried out 192 proced- 
ures; the data for the twelve groups include 2,304 figures, 768 measure- 
ments of volume and specific gravity and 1,536 chemical analyses on 
384 urine samples. It is evident that this mass of data cannot be presented 
in this paper. To conserve space and at the same time have all the data 
represented, tables of averages have been constructed. Thus table | 
represents the average of the twelve groups for the day on which dis- 
tilled water was drunk, table 2 for 0.3 per cent NaCl, ete. All subjects 
were normal males, average age 22 years, average weight 68.2 kilos. 

Water output. It will be noted that with either neutral or acid water 
the urine output of the first four hours falls off progressively as the salt 
content approaches that of an isotonic solution. This observation was 
reported by Starkenstein (1924). In no case does the urine output of 
the first four hours following the drinking equal the amount of water or 
solution drunk. It will also be noted that the hourly rate of elimination 
falls off much less rapidly as the salt content increases; with the iso- 
tonic solution the hourly output is almost a constant. If the individual 
tables of the twelve subjects (not published in this paper) are examined, 
however, numerous exceptions are seen to all of the above statements 
which are true of the average tables. Thus subject T.A. excreted 955 ce. 
urine in the four hours following the drinking of 500 ce. distilled water, 
670 ec. after 0.3 per cent NaCl, 530 cc. after 0.6 per cent NaCl and 394 
ec. after 0.9 per cent NaCl; in every case except with isotonic salt solu- 
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TABLE 1 


SAMPLE TIME 


URINE PER HOUR 


NaCl Per 100 cx 
NaCl PER HOUR 


SPECIFIC GRAVITY 


mgm 
013, 456 
013 512 | 814 
019, 822 | 600 
023 1089 | 534 


= 
“I ot 


Total for 4 hours..... .-| 411 | 2541 


TABLE 2 
500 cc. 0.3 per cent NaCl at 


SAMPLE TIME 


URINE PER HOUR 
NaCl Per 100 cc 
NaCl PER HOUR 


SPECIFIC GRAVITY 


mgm. | mgm 
015) 530 | 757 
017, 680 | 652 
0211180 | 566 
0241316 | 461 


8-9 | 143 
9-10 | 96 
10-11 48 
11-12 | 35 


— 


Total for 4 hours........| 322 2436 


TABLE 3 
500 cc. 0.6 per cent NaCl at 


SAMPLE TIME 


NaCl Per 100 cc 
NaCl PER HOUR | 


URINE PER HOUR 
SPECIFIC GRAVITY 


mam 
021) 533 | 533 | 
023) 971 | 495 
025 1373 | 453 
026 1255 | 414 


8-9 
3 910 | 51 
3 10-11 | 33 


— 


Total for 4 hours..... 4 1845 


500 cc. distilled water at 8:00 a.m. 


| 


= 

> 2 


mgm mgm 


mgm 
24.8) 375 | 488 | 15.9, 20.6 
9.2) 14.6) 312 | 495 | 9.2) 14.7 
16.9 12.3) 466 | 340 | 16.0, 11.7 
32.7, 16.0) 706 | 346 | 19.8 9.7 


mgm 


67.7 1669 56 


8:00 a.m, 


x 
= 
~ 
= = Z Ze 
<. os O45 
a » - < 


mam mgm mgm mom 

307 | 438 | 11.5) 16.5 
359 | 345 | 14.1) 13.5 
22.3; 10.7) 544 | 261 | 20.9) 10.0 
623 | 218 | 26.3) 9.2 


w 
on 
_ 
w 


to 
1 
_ 
to 


=> 
= 
to 
x 


8:00 a.m, 


> 
= 
5 ~ Z. 
= < < 
=e = re 
= < 45 
» =) < < 


16.7; 397 | 397 | 18.7) 18.7 
12.4) 672 | 343 | 33.7) 17.2 


to 
“1 


945 | 312 | 42.4 14.0 
4 


47.4 1348 63 9 
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TABLE 4 
500 cc. 0.9 per cent NaCl at 8:00 a.m 


SAMPLE 


HOUR 
100 cx 


URINE PER HOUR 
He 


SPECIFIC GRAVITY 
UREA N Per 100 
AMMONIA N PER 
AMMONIA N PER 


NaCl per 100 cx 
NaCl PER HOUR 


UkEA N PER 


P PER 100 
P PER HOUR 


8-9 0241142 | 685 35.8 
9-10 023 1347 | 836 | 37.1 
10-11 ‘ 024.1485 | 668 | 31.4 
11-12 025 1533 | 644 | 33.6 


t 


Total for 4 hours.... 2833 


TABLE 5 
500 cc. N/100 HCI at 8:00 a.m. 


SAMPLE 


N Per 100 


HOUR 


URINE PER HOUR 
100 


SPECIFIC GRAVITY 
NaCl per 100 cc 
NaCl Per HOUR 
P per 100 cc, 
P PER HOUR 
UREA N PER 
AMMONIA N PER 
AMMONIA N PER 


UREA 


mgm.| mgm miym 
8-9 15.0) : 274 | 515 
9-10 3 12.7) : 302 | 517 
10-11 27.3 2 | 314 
11-12 55.0| 28.6 548 | 285 


= 


<< 


Total for 4 hours.... 1531 


TABLE 6 
500 cc. 0.3 per cent NaCl N/100 at 8:00 a.m. 


SAMPLE 


100 cx 


| URINE PER HOUR | 
SPECIFIC GRAVITY 
NaCl per 100 cc. 
NaCl Per HOUR 
P per 100 cc, 

| P Per HOUR 
UREA N PER 100 
UREA N PER 
AMMONIA N PER 
AMMONIA N PER 


mgm 
8-9 .017, 586 
9-10 019 760 
10-11 58 |1.022) 997 
11-12 022.1115 


a 
3 
3 
3 


mg 


~) 


Total for 4 hours..... 


85 
ce mgm mgm mym mom mor mam mom 
1 21.5; 702 | 421 | 23.7; 14mm 

2 23.0 650 403 | 24.8 15.4 

3 14.1| 693 | 312 | 27.1) 12.2 

4 664 279 21.4 9 0 

1415 50) 8 

1 12.7, 23.9 

2 12.7| 21.7 

3 20.9 14.8 

4 22.7; 11.8 

72.2 
mgm mgm mgm mgm 

2 684 25.6 23.0 

3 578 | 36.3, 21.1) 622 | 361 | 34.5 20.0 

4 592 | 41.9) 22.2) 636 | 337 | 34.3 18.2 

ee 306 2470 96.1 1664 85.5 
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TABLE 7 


500 cc. 0.6 NaCl in N/100 HCl 


SAMPLE TIME 


URINE PER HOUR 
SPECIFIC GRAVITY 


AMMONIA N PER 


100 cc, 


AMMONIA N PER 


UREA N Per 100 
HOUR 


UREA N PER 


NaCl Per 100 

NaCl PER HOUR 

P per 100 cc, 

P PER HOUR 
HOUR 


mgm mgm. | mgm.| mgm 


mgm mgm mgm mgm, 
1.016, 654 | 601 | 23.5, 21.6) 467 | 430 | 36.2 33.3 
1.018) 906 | 661 | 19.3) 14.1) 575 | 419 | 29.2) 21.3 


¥ 
© 
wn 


3 10-11 63 |1.020| 940 | 592 | 24.5) 15.4; 562 | 354 | 28.1) 17.7 
4 11-12 44 1.0231100 | 484 | 34.6) 15.2) 6386 | 280 | 34.8 15.3 
Total for 4 hours.... 272 2338 66.3 1483 87 .6 


rABLE 8 
500 cc. 0.9 per cent NaCl in N/100 HCI 


SAMPLE = sigs < 


mgm. | mgm mgm mgm. 


1 g- 9 55 (1.02 548 | 44.4 24.4 

2 9-10 66 |1.022 1020 | 673 | 34.2 22.6) 598 | 395 | 31.2 20.6 

3 10-11 53 |1.0231129 | 599 | 36.8 19.5 717 | 380 | 37.3! 19.8 

4 11-12 45 \1.0241345 | 605 | 43.8) 19.7) 729 | 328 | 36.5 16.4 
Total for 4 hours,.......| 219 2425 86.2 1503 78.5 


tion the urine output exceeded the water intake. Subject B. R. had his 
highest output with 0.6 per cent NaCl, H. O., R. O. and A. N. with 0.3 
per cent NaCl; the highest output for the other eight subjects was with 
distilled water. 

On comparing the urine outputs after neutral solutions with the out- 
puts after the acid solutions of the same salt content it is seen that the 
tables of averages show a greater output with the acid solutions in every 
case but that of 0.3 per cent NaCl. The slightly higher average output 
with neutral solution here is due to the extremely large output of urine 
after neutral 0.3 per cent NaCl by subject H. O., 895 cc., whereas he 
passed only 244 cc. after the acid 0.3 per cent NaCl. On turning to 
H. O.’s tables with the idea of finding a possible explanation for this 
great output after neutral 0.3 per cent NaCl solution the note was found 
that the first hour after drinking the solution was spent in the recumbent 
position. The solution was drunk at 8:00 a.m. and the subject stayed in 


ce, mgm. | mgm 


OF SALT AND ACID Si 


FOLLOWING 


INGESTION 


URINARY OUTPUT 


bed after drinking. The output during this hour was 402 ce. The first 
half of the second hour was also spent in bed, the output for the second 
hour being 253 ec. The fact that he was in bed during the first hour and 
a half of this period has been confirmed by personal communication with 
the subject. No part of the period after drinking the acid 0.5 per cent 
NaCl was spent in the recumbent position and the output for the four 
hours was 244 ce. This finding of an increased urine output in recum- 
bency has been considered in detail in a recent paper by White, Rosen, 
Fischer and Wood (1926). It is quite possible that uncontrolled varia- 
tions of posture, which were not noted on the tables by the other subjects, 


have played a part in the rather numerous individual exceptions to the 


average results. A diuresis on drinking acids or solutions of acid salts, 
over and above that produced by the same volume of neutral solutions, 
has been noted by numerous previous observers. The increases on acid 
drinking seen in these tables are not so pronounced as some previously 
reported instances because the acid intake in this work was relatively 
small. The mechanism of this action is still obscure. An explanation 
based on the shift of the reaction of the body proteins toward their isoelec- 
tric point hardly seems valid in the case of such a small acid intake as 
was employed in these experiments, although it must be admitted that the 
diuretic effect was not great and might be accounted for by an apparently 
insignificant change of reaction. 

Chloride output. There is obviously no close relation between the 
chloride intake and the chloride output of the first four hours. The 
chloride output of the first four hours after drinking 500 ce. of distilled 
water is greater (2,541 mgm.) than after drinking 500 ce. of 0.3 per cent 
NaCl solution (2,436 mgm.) or 0.6 per cent NaCl solution (1,895 mgm. 
With 0.9 per cent NaCl however, the chloride output is 2,833 mgm. 
On drinking the acid solutions the chloride output is relatively unchanged, 
regardless of the chloride intake. The average chloride output for the 
four periods is practically the same with neutral or acid solutions. It is 
interesting to note that variations in urine output brought about by 
varying the salt content of the ingested water are not accompanied by 
significant variations in the rate of chloride output, while variations in 
urine output brought about by changes in posture are accompanied by 
marked variations in rate of chloride output (White, Rosen, Fischer and 
Wood, 1926). 

Inorganic phosphate output. On drinking neutral solutions the phos- 
phate output for the four hours following the drinking falls off progres- 
sively as the chloride content of the solution drunk increases from 0 to 0.6 
per cent NaCl. With 0.9 per cent NaCl however, the phosphate output 
rises even higher than that after drinking distilled water. Also, with acid 
solutions the phosphate output falls off as the chloride content of the 
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solution drunk rises from 0 to 0.6 per cent NaCl, increasing with 0.9 per 
cent NaCl but not to the height reached after the NaCl-free acid water. 
Whether or not these facts are due to anything more significant than mere 
coincidence we cannot say; the individual tables show several exceptions 
to this average behavior. A progressive decrease in the rate of phosphate 
output from hour to hour is seen in most of the tables; this observation 
has been reported by previous investigators. 

On comparing the phosphate output after acid solutions with that after 
neutral solutions a significant increase is seen. Every acid solution period 
shows a clearly greater phosphate output than the period after the neutral 
solution of corresponding NaCl content. Gamble, Blackfan and Hamilton 
(1925) found no significant change in phosphate output determined on 
24 hour urine specimens after much larger intakes of acid (500 to 1,000 ce. 


daily of 0 solutions of acid-producing salts) than were employed in 


our experiments. Apparently the increased phosphate output after acid 
seen in our experiments is only temporary and is compensated in a 24 
hour sample by a later decrease; the probability of this is strengthened 
by the fact that the output from hour to hour is progressively diminishing 
during the first four hours in the majority of cases. One might expect 
any increase in the acid-excreting réle of phosphate after such small acid 
intakes as obtained in our experiments to consist merely in an increase in 
the proportion of acid to alkaline phosphates. The finding of an even 
temporarily increased amount of phosphate excreted was somewhat sur- 
prising. It may be noted that Haldane, Hill and Luck (1923), contrary 
to Gamble, Blackfan and Hamilton, found an increased 24 hour output 
of phosphate after drinking large amounts of CaCl, solution. 

Urea output. The rate of urea excretion bears no consistent relation 
in these experiments to water output or to chloride or acid content of 
solutions drunk. There is a progressive falling off in the output from 
hour to hour in practically every case. 

Ammonia output. The rate of ammonia excretion is apparently inde- 
pendent, in these experiments, of the water output and chloride content 
of solutions drunk. It is, as would be expected, significantly increased 
in the “acid periods’’as compared with the ‘‘neutral periods.’”’ There 
are on the average 25 mgm. more of ammonia N excreted in a four-hour 
“acid period” than in a ‘neutral period;”’ this corresponds to 178 ce. 
N/100 acid. There are 20.2 mgm. more of P excreted in an “‘acid period”’ 
than in a “neutral period;” this corresponds to 45 cc. N/100 acid.' It is 


1 It was not practicable to determine urinary pH in this work, but assuming an 
average urine pH of 5.9 after drinking acid solutions, a transfer of 20 mgm. P from 
the plasma at a pH of 7.4 to the urine at a pH of 5.9 involves the change from a state of 
Na,HPO, to a state of NaH,PO, of 14 mgm. P. Because at pH 7.4 two-tenths of the 
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thus seen that of 500 ec. NV./100 acid taken in, 2: 
first four hours buffered with the extra ammonia 
creted. 


SUMMARY 


The effect on the urinary output of water, chloride, inorganic phosphate 
urea and ammonia of varying the NaCl and acid content of 500 ec. in- 
gested water was determined. 

The output of water in the first four hours following the drinking is 
diminished by increasing the NaCl content up to 0.9 per cent. The out- 
put of urea and ammonia is independent of the NaCl content of the 
ingested water, the output of phosphate falls off as the chloride content 
rises from 0 to 0.6 per cent, then rises with 0.9 percent NaCl. The chlo- 
ride output is in general independent of the chloride intake. 


The output of water, phosphate and ammonia is increased by taking 


acid, the output of chloride and urea is unaffected by the acid. 
These findings are those of the tables of averages; numerous exceptions 
to the above statements are found in the tables of the individual subjects 
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phosphate is the acid and eight-tenths the alkaline, i.e., 4 mgm. of the 20 mgm. P 
exist as NaH,PO, and 16 mgm. as Na,HPO,, while at pH 5.9 nine-tenths are acid and 
one-tenth alkaline, i.e., of 20 mgm. P, 18 mgm. exist as NaH,PO, and 2 mgm. as 
Na,HPO4. This represents the conversion of 14 mgm. P from a state of Na,HPO, 
to NaH,PO,. Since one hydrogen ion is involved in the change of each phosphate 
molecule, it would require 1 cc. of } or 100 ce. of ; yo acid to change 31 mgm. P 
from an alkaline to an acid phosphate. To change 14mgm. P requires 4+ X 100 or 
45 ce. of 77,5 acid. 


TION OF SALT ANT ID x4 
ire excreted the 
and } 
| i! | nNhospna 
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The important and valuable physiological properties of pituitary ex- 
tracts have led to a number of attempts to obtain the autacoids of the 
lobe in a pure form. Up to the present time, these attempts have failed 
and the chemical nature of these substances remains obscure. Recently, 
however, considerable progress has been made in their purification by 
Dudley and by Abel and his collaborators, and the results obtained by 
these workers have led to a controversy on the question of the unity or 
multiplicity of the autacoids responsible for the pressor, renal and oxy- 
tocic activities of the extract. A brief resumé of these opposing views is 
presented below. 

Dudley (1) found that normal butyl alcohol extracted from an aqueous 
extract of the lobe nearly all of the oxytociec activity but left behind in 
the aqueous layer 50 per cent of the pressor activity. Dudley took this 
as evidence that the pressor and oxytocic activities of the extract were 
due to separate chemical individuals. 

The accuracy of Dudley’s results has been questioned by Hogben and 
Schlapp (2) who pointed out that Dudley’s extracts contained the ethyl 
alcohol soluble depressor substance, which was first demonstrated by 
Schafer and Vincent (3), and that the presence of this depressor substance 
interferes materially with the accuracy of pressor assays. Later Hogben, 
Schlapp and MacDonald (4) proposed an improved technique for pressor 
standardization in which the depressor substance is first removed by ethy] 
alcohol extraction and the assay made on a pithed cat. This method, 
under favorable conditions, will yield an assay accurate to within 10 per 
cent or less. 

During the progress of the experiments reported in the paper Schlapp 
(5), using the technique of Hogben, Schlapp and MacDonald, repeated 
udley’s work and confirmed his findings. 

Knauss (6), working with pithed cats, found that the ratio of the mini- 
mal doses of the extract, acting upon the uterus in situ and the blood pres- 


1 Presented in partial fulfilment of the requirements for the degree of Master 
of Science, MeGill University. 
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sure, varies according to whether the injection is made intravenously or 
intra-arterially. This author concludes therefrom that there are separate 
pressor and oxytocic constituents and that the pressor substance is de- 
stroyed by passing through the arterioles. 

There is some evidence that the three activities are not present in con- 
stant proportions in all parts of the lobe. Herring (7) found that ex- 
tracts of the pars nervosa have a higher oxytocic than pressor activity as 
compared with extracts of the pars intermedia. Recently Hogben and 
DeBeer (8) reached the same conclusions. 

The belief that one constituent is responsible for the pressor, oxytocic, 
and renal activities of the lobe rests chiefly upon the work of Abel and his 
collaborators. These authors (9), during the course of chemical manipu- 
lations designed to isolate the active constituents of the lobe, found that 
the pressor, oxytocic and renal activities of their preparations increased 
pari passu as the purification proceeded. Their most highly purified 
substances were in the form of “tartrates.”’ One of these “tartrates”’ 
having an oxytocic titer of 160 times histamine acid phosphate was found, 
when assayed against a simple aqueous extract of the lobe, to possess the 
three activities standing in the same relationships to each other as in the 
simple aqueous extract. The authors present no data in support of this 
point. 

Abel and his collaborators, in view of their results, are led to believe 
that the three activities are due to one constituent. ‘The probabilities’ 
they say, “‘are entirely against the concomitant and progressive purifica- 
tion of three or more separate substances by the chemical methods we 
have described.”’ 

Although no data are given for the assay of the “tartrate” having a 
titer of 160 times histamine acid phosphate, the authors present data in 
the same paper showing the effect of a more highly purified “tartrate” 
having a titer of 500 times histamine acid phosphate on the blood pressure 
and urine excretion. A study of these data reveals the fact that the 
three activities were not preserved in their original proportions. On 
the contrary, a great loss of the pressor and diuretic activities appears to 
have taken place. In figure viii of (9) 0.2 mgm. of a tartrate having an 
oxytocie titer of 500 times histamine acid phosphate is shown to cause a 
slight rise of blood pressure in an anesthetized cat and 0.05 mgm. is shown 
to produce a submaximal diuretic effect in an anesthetized rabbit. These 
doses had the oxytocic activity of 100 mgm. and 25 mgm. of histamine acid 
phosphate, respectively, and were the oxytocic equivalent of 100 cc. and 
25 ec. of the liquor hypophysis of the U.S.P. IX. Since ;'5 to y}» ce. 
of liquor hypophysis is sufficient to raise the blood pressure of a cat or 
to promote diuresis in a rabbit, it is evident that these activities had been 
almost completely destroyed or eliminated in the process of purification. 
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OF POSTERIOR LOBE OF PITUITARY GLAND 


AUTACOIDS 


TABLE 1 


Renal assay of materia! from a previous extraction Bladder fistula dog. Preparation 


No food, no water for 4 hours before er periment 


CONTROL PERIOD 


Ul 


Urine in 10 minute periods 


Volume urine per minute 0.125 ce I 0.175 ee 0 28 ce 0. 16 ec 
Chlorine per cent 0.204% 0.508% 0 586% 0.431G 
: Chlorine per minute 0.255 mgm 0.89 1.64 0.69 


mgm mgm mgm 


Urine in 10 minute periods 


Volume urine per minute 0.137 ce 0.255 ce. 0.20 ce 0.110 ce 
Chlorine per cent 0.356% 0.812G 0.675% 0.50% 
Chlorine per minute .| 0.488 mgm. 2.07 1.35 0.55 


mgm mgm 


v.48 ce. of C, 


Urine in 10 minute periods 


Volume urine per minute 0.117 ce. 0.19 ec. 0.175 ce.| 0.15 cc. 
Chlorine per cent 0.48% 0.858% 0.834F 0.523% 
Chlorine per minute . 0.56 mgm. 1.63 1.46 0.78 


mgm. mgm. mgm. 


Urine in 10 minute periods.) 1.3 | 1.4 | 1.6 
cc. Cc. 


Volume urine per minute 0.143 ce. 1.0) 0.175 ce.| 0.18 ce 0.14 ce 
Chlorine per cent 0.465% CC. | 0.657% 0.64% 0.457] 
Chlorine per minute .| 0.665 mgm. 1.15 1.15 0.64 

mgm. mgm. mgm. 


Urine in 10 minute periods. 1.6 | 1.6 | 1.3 2.211.211.8| 2.9} 1.6] 1.6 


ec. ec. cc. ec. cc. ec, ec. ec. cc. 
Volume urine per minute 0 15 ce. 0.75 O17 cc. | 0.17 cc. | 0.16 ce. 
Chlorine per cent 0.18% cc. | 0.518% 0.389% 0.306% 
Chlorine per minute ..| 0.27 mgm. 0.88 0.66 0.49 


mgm. mgm. mgm. 


Urine in 10 minute periods.| 1.5 | 1.8 | 1.3 2.2) 1.6) 2.0 | 2.0 
cc. | cc. | ce. cc. | cc. | ce. | ce. | cc. | ce. 


0.75 


Urine volume per minute..| 0.15 ce. 0.19 cc. | 0.20 cc. | 0.20 cc. 
Chlorine per 0.32% 0.605% 0.735% 0.695G 
Chlorine per minute 0.48 mgm. 1.15 1.47 1.39 


mgm. mgm. mgm. 
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ec cc ce ec cc ce 

ec ct ee ee ec ce ce 

mgm 

13 1.3|2.5|1.7|1.8|1.5| 1.5 

cc. cee cee ce cc ce cc ce ce 
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TABLE 1—Concluded 


CONTROL PERIOD DOSE FOLLOWING INJECTION 


Urine in 10 minute periods. 1.2 1.3 1.3 1.3 14.8 12.5) 1.8 1 2.7 
ce. | ec. | cc. cc. | cc. | ce. | ce. | ec. | ee. 

Urine volume per minute..| 0.127 cc. 0.75 0.14 ce. | 0.15 ce. | 0.165 ec. 

Chlorine per cent........ 0.53% cee. | 0.714% 0.647] 0.57% 


Chlorine per minute...... 0.673 mgm. 1.0 0.97 0.94 


mgm. 


mgm. mgm. 


The evidence presented by Abel and his collaborators in favor of the 
unity of the autacoids of the lobe cannot, therefore, be accepted. 

Evidence in support of Abel’s ‘‘Unitarian’’ theory has been advanced 
by Smith and McCloskey (10). These authors found that the pressor 
and oxytocie constituents of the lobe dialyzed through collodion sacs 
at equal rates. The renal constituent was also found in the dialysate but, 
as they were unable to make an assay of this activity, they were unable 
to state whether or not the diffusion rate was the same as that of the 
other constituents. The same authors (11) report the parallel destruc- 
tion of the three activities by heat. Guggenheim (12) found that sodium 
hydroxide at room temperature destroys both pressor and oxytocic activ- 
ities. This has also been confirmed by Abel and his collaborators who 
found that all three activities of their “tartrates’’ were destroyed at much 
the same rate by exposure to alkalis at room temperatures, and by boiling 
with 0.5 per cent hydrochloric acid for half an hour. 

The object of these experiments was to repeat the work of Dudley and 
to extend it so as to include a study of the partition of the renal constituent 
between normal butyl alcohol and water. 

Mertnops. 1. Preparation of extract. Five grams of dried and pow- 
dered posterior lobe? was defatted by extraction overnight with acetone in 
a Soxhlet apparatus. The depressor constituent was removed by extrac- 
tion overnight in the same manner, with ethyl alcohol. The powder, which 
now weighed 4.3 grams, was extracted with 1000 cc. of water, brought to 
the boiling point and filtered. The volume of the filtrate was reduced by 
evaporation in vacuo at 50°C. 

After refiltration the volume was made up to 60 cc. and of this 15 ec. 
were set aside as a control and labelled A. The remaining 45 cc. were then 
shaken up with 400 ce. of normal butyl alcohol which had been saturated 
with distilled water. The two layers were then separated by centrifuging 
and the process repeated three more times. The total volume of normal 
butyl aleohol employed was 1600 ce. 


Both layers were evaporated to 


2 Furnished by the kindness of Parke, Davis Co. 
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dryness in vacuo at 50°C. and the residues taken up in water and filtered 
The whole of the alcoholic layer was labelled B and of the aqueous laye 
} was labelled C. The three fractions A, B and C were then diluted 
to 150 ec. each and after distribution in small bottles were sterilized 
heating on the boiling water bath for five minutes on two successive days. 
2. Methods of assay. The relative oxytocic activities of the fractions 
were determined on the isolated guinea pig uterus by the method of Dale 
and Laidlaw (13). The volume of the bath was in every case 125 ce. 
and Ringer’s solution having the following formula was employed 


Sodium chloride 


Calcium chloride 0.24 
Potassium chloride 0.42 
Sodium bicarbonate. 0.50 

0.50 


Aqua destil—ad 1000 cc. 


It was found advantageous to reduce the calcium chloride to 0.024 gram 
per liter when the uterus displayed disturbing spontaneous contractions. 

The relative pressor activities of the fractions were determined by the 
technique of Hogben, Schlapp and MacDonald. In this method pithed 
‘ats are used and the injections are made intravenously at intervals of 
one hour. Under these conditions, the tolerance to the pressor activity 
exhibited by anesthetized cats is largely eliminated. 

The relative renal activities of the fractions were determined on a female 
dog weighing 12.0 kilos which was kept on a uniform diet. A permanent 
fistula was established by bringing the bladder out through the abdomi- 
nal wall and incising it. The edges of the bladder were then sutured to 
the edges of the abdominal incision. The urine was collected by placing 
the animal on an operating table with the fistula over a funnel set in the 
top of the table. To prevent pocketing of the urine in the bladder a 
flanged glass cannula was inserted into the fistula before each experiment. 
Under these conditions the urine can be collected, as formed, with great 
accuracy. One injection only was made during the course of a single 
experiment. In order, as far as possible, to establish uniform con- 
ditions, the animal was deprived of food and water for the twenty-four 
hours preceding each experiment. No anesthesia was used. The urine 
excreted during three periods of ten minutes each was collected and set 
The injection was then made into a leg vein, and the 
The urine excreted during each 


aside as a control. 
urine collected for one hour following. 
ten-minute period was noted and the total urine excreted during each 
Chloride determinations were 


twenty minutes was set aside separately. 
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TABLE 2 
Renal assay of A, B and C. Bladder fistula dog. 


Preparation. No food, no water 
for 24 hours before experiment 


CONTROL PERIOD DOSE AFTER INJECTION 


Urine in 10 minute periods.| 2.6 | 2.9 | 2.9 2.8 | 4.0 | 3.4 | 3.4 | 2.8 


cc. ec. 


ce. cc. 


Volume of urine per minute.| 0.28 ce. - 0.34 ee. 0.34 ec. 0.28 cc 

Chlorine per cent 0.294% 0.45% 0.38% 0.257% 

Chlorine excreted per 0.82 mgm. : 1.53 1.30 0.72 
minute... 


mgm. mgm. mgm. 


Urine in 10 minute periods. 


Volume of urine perminute.| 0.207 cc. 0.185 ec.| 0.23 ee. 
Chlorine per cent.........| 0.226% nN 0.378% 0.278% 
Chlorine excreted per 0.468 mgm. 0.70 0.64 


minute....... 


Volume of urine per minute. 


0.325 
Chlorine per cent..... ...| 0.245% 2 0.453% 0.345% 0.227% 
Chlorine excreted per 0.64 mgm. 1.45 1.31 0.74 
Urine in 10 minute periods.| 2.2 | 2.2 | 2.4 | 2.0 | 2.1 | 2.6/ 3.1/2.8 | 2.6 
cc. | cc. | cc. | g 75) cc. | ce. | cc. | ce. | ec. | cc. 
Volume of urine perminute.| 0.227 ce. 0.205 cc.| 0.285 cc. | 0.27 ce. 
Chlorine per cent......... | 0.091% | p | 0-142% | 0.113% | 0.141% 
Chlorine excreted per| 0.207 mgm. | 0.291 0.322 0.38 
mgm mgm. | mgm. 


Urine in 10 minute periods. | 


Volume of urine per minute. | 0.213 ce on | 0.26 ce 0.28 cc 0.235 ce. 
Chlorine per cent......... | 0.163% C | 0.308% | 0.248% | 0.171% 
Chlorine excreted per | 0.347 mgm | 0.80 0.68 0.40 
mgm mgm mgm 
Urine in 10 minute periods.| 2.5 | 2.3 2.4 | 2.3 | 2.6 | 2.8] 2.6 | 2.4 | 2.4 
ee. | ec. | ce. | g 49) ce. | cc. | ce. ee. | cc. ec. 
Volume of urine perminute.| 0.24 ec. pe | 0.245 cc.| 0.27 cc. | 0.24 ce 
Chlorine per cent. 0.272% c | 0.30% 0.31% 0.26% 
Chlorine excreted per 0.653 mgm. | 0.735 0.837 0.624 
minute....... mgm. mgm. mgm. 


of B. 0.75 ee. of C. 


n 
Ul 
Ch 
u 
cc. | cc. | 9 9 | | cc. 
] 
1 
2.0 | | 2.0 1.4|2.3| 2.4/2.2 | 
ce. | cc. | ec. | g 45) cc. | ce. | cc. | ec. 
mgm. mgm. 
Urine in 10 minute periods.| 2.4 | 2.7 | 2.7 2.6 | 3.8 | 3.7 | 3.9 | 3.2 | 3.3 
cc. | cc. | ce. | g 9} ce. | cc. | ce. | cc. | ce. | ce. 
2.1 2.2 | 2.1 2.5 | 2.7 | 2.8 | 2.8 | 2.5 | 2.2 
The renal activity of 1.0 cc. of A is thus approximately equivalent to that of 1.0 cc. 
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made on these four fractions of urine by the Volhard-Arnold method. A 
true pituitary diuresis is always accompanied by an increase in the per- 
centage and total amount of chlorides eliminated and this fact has been 
utilized as a check against spontaneous changes in the rate of urine excre- 
tion. Chlorides appear as chlorine in the tables. 

The kidney of the water-deprived animal was found to be extremely 
sensitive to the extract. <A definite diuresis follows the intravenous in- 


jection of a dose of the extract which produces submaximal contractions of 


the isolated guinea-pig uterus. The renal response, under these conditions 
is sufficiently accurate to detect differences in dosage of 25 per cent 

In the course of a large number of experiments designed to test the 
accuracy of this method of assay the highest degree of accuracy was ob- 
tained when the amount injected was slightly larger than the minimal 
dose required to produce a definite diuresis. The method employed was 
to conduct a series of experiments in which the dose injected was reduced 
by 25 per cent to 35 per cent until the minimal effective diuretic dose was 
obtained. This helped to eliminate errors dependent upon abnormal 
responses. The capabilities of this method are illustrated by table 1. 

SUMMARY OF RESULTS OF ASSAYS. The following table gives the doses 
of A, B and C which are equivalent in their oxytocic, pressor and renal 
activities, respectively. 


PRESSOR 


The following table gives the percentages recovered in B and © of the 
three activities of the original material employed. It will be noted that 
in the case of each activity the total recovered in B and © is greater than 
that of the original material. This discrepancy is due to the error inherent 
in biological assays. This error* may, of course, be cumulative where there 
fractions are assayed. The ratios of the three activities in the different 


3 The butyl alcohol extraction in this case was made by Prof. R. L. Stehle and the 
fractions were handed to the writer for assay as ‘‘unknowns.”’ The error in the oxy- 
tocic assays was, therefore, not realized until the conclusion of the experiment. In 
two previous extractions carried out by the writer a similar distribution of the three 
activities was obtained. In both of these cases, however, a considerable loss 


occurred. 
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1.0 1.0 1.0 
1.29 0.263 1.0 
+ 0.78 10.7 0.75 
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fractions present, however, differences 
error involved in the assays. 


which are much greater than the 


PRESSOR OXYTOCIC RENAL 


per cent 


per cent 


per cent 
B... ; 26.0 126.7 33.3 


5.6 


103.0 132.3 113.3 


Discussion. It has been pointed out by Dudley (14) that absolute 
proof of the theory that the activities of the lobe are due to one principle 
must wait upon the isolation of that principle. On the other hand, the 
extraction of one activity from its solution, leaving the other activities 
behind, is only possible where the activities are due to separate chemical 
individuals. The position of Abel and his collaborators, who hold the 
“unitarian” theory of the autacoids of the lobe, rests on the supposed 
presence in their highly purified “tartrates’” of the activities of the lobe 
in their original proportions. This evidence, which in any case could 
only be regarded as presumptive, has been shown to be open to serious 
criticism. 

The work of Dudley and Schlapp and that presented in this paper 
“an only be interpreted by assuming that the autacoid, responsible for 
the oxytocic activity of the lobe, is chemically separate from the sub- 
stance or substances responsible for its pressor and renal activities. The 
renal activity is shown in the tables to follow closely the distribution of 
the pressor activity during normal butyl alcohol extraction and the data 
obtained do not warrant a conclusion as to whether the pressor and 
renal activities are due to one or more than one substance. 

The demonstration of the multiplicity of these autacoids must, ob- 

viously, have considerable bearing on any attempt to isolate the active 
constituents of the lobe. The possibility is opened up of obtaining a 
purely oxytocie drug from the lobe. Such a drug, free from pressor and 
renal side-reactions, would undoubtedly be valuable in the field of thera- 
peutics. The same may be said of a purely pressor or purely renal drug. 
A further point of interest lies in the possible deficiency of commercial 
preparations in these two latter activities. 
Acknowledgments. The writer begs to acknowledge his indebtedness 
to Prof. R. L. Stehle of the Department of Pharmacology of McGill 
University for constant advice and helpful criticism during the progress 
of these experiments. 
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SUMMARY 


1. The “‘unitarian” theory of the autacoids of the posterior 
forward by Abel and his collaborators is criticized on the basis of 
lished results of these authors. 

2. The pressor and oxytocic activities are shown to have a widely 


clit 


fering distribution during normal butyl alcohol extraction. The results 
of Dudley and of Schlapp are thus confirmed. 

3. The renal activity is shown to follow closely the pressor activi 
during normal butyl alcohol extraction. 

4. The separation by extraction of the oxytocic activity from the renal 
and pressor activities is explained by assuming that the autacoid responsi- 
ble for the oxytocie activity is chemically separate from that responsible 
for the pressor and renal activities. 

5. The data obtained do not warrant a conclusion as to whether the 


pressor and renal activities are due to one or more than one substance. 

6. A method of assaying the renal activity of posterior lobe extracts 
is described. This method, although time-consuming and possessing a 
rather large margin of error, may, in the absence of a better one, be of 


some use in standardizing this activity. 
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Since Minkowski (1887) associated acromegaly with a functional dis- 
turbance of the pituitary body, much work has been done to determine 
the activity of this organ in health and disease. It would be out of place 
to give a complete review of the literature on the pituitary here in view of 
the able work of Cushing (1912), Bailey (1922), Barker (1922) and Geiling 
(1926) but reference to some of the work is necessary. 

Oliver and Schafer (1895) reported that extracts of the whole pituitary 
body produced a prolonged rise in blood pressure which was due to con- 
striction of the peripheral arterioles and augmentation of heart beat. 
Howell (1898) concluded that glycerine and saline extracts of the anterior 
lobe of the pituitary produced little or no change in the blood pressure 
and heart rate and that the results of Oliver and Schafer (1895) were due 
to substances obtained from the posterior lobes of the gland. 

Since Howell’s work (1898), special attention has been given to the 
individual lobes of the gland. Much experimental work has been done 
to determine the effects of extirpation of the whole or part of the gland, 
feeding the different lobes separately and together and the administra- 
tion of extracts of the various lobes individually and collectively. 

Crowe, Cushing and Homans (1910) reported that complete surgical 
removal of the whole gland or of the anterior lobe alone resulted in a 
cachexia hypophyseopriva,”’ 


characteristic train of symptoms termed 
resulting in the death of the animal. They concluded that the anterior 
lobe or at least a portion of it was essential for the life of the animal. They 
further observed that removal of the posterior lobe did not result in death 
but other distinctive symptoms were noted. Camus and Roussy (1923), 
on the other hand, concluded that the pituitary body is not essential for 
life of the animals. They further stated that polyuria, permanent dia- 
betes insipidus, rapid genital atrophy and the so-called ‘‘cachexia hypo- 


physeopriva”’ described by others as due to the removal of all or part of the 
pituitary gland, were due to injury of the hypothalamus during the opera- 
tions. They were able to produce these symptoms by injuring the hypo- 
thalamus without traumatizing the pituitary gland in any way. 
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Although the work of Camus and Roussy (1923) was well controlled 

nd very thorough, it hardly seems plausible to conclude that the pituitary 
gland is not of primary importance for the well-being of the animal. The 
profuse blood supply and histological structure of the anterior lobe, in all 
vertebrates, would in themselves indicate that this portion of the gland 
is of some importance. 

Goetsch, Cushing and Jacobson (1911) have shown that removal of 
the pars posterior and pars intermedia of the pituitary gland resulted in a 
markedly increased carbohydrate tolerance in dogs. They were able to 
reduce this increased carbohydrate tolerance by administration of extracts 
of the posterior lobe and to a less extent with extracts of the anterior lobe 

Robertson (1916) prepared a substance from the anterior lobe which 
he called “‘tethelin.”” This substance, he showed, would accelerate the 
growth of white mice. He further concluded that this substance stimu- 
lated rapid growth in primary tumors of carcinomatous rats. ‘I his latter 
observation was similar to those made by Robertson and Burnett (1915 
using emulsions of the anterior lobe. Tethelin also proved to be bene- 
ficial in the healing of indolent ulcers (Barney, 1917-18 

Evans and Long (1921), Flower et al. (1923) and Evans (1924) reported 
that anterior lobe extracts given intraperitoneally, produced gigantism 
and retardation of ovulation in white rats. Growth and maturation of 
the ova was impaired and oestrus became infrequent or absent. 

It would appear from previous work that anterior lobe of the pituitary 
body supplies a growth-promoting factor. The clinical conditions, gigan- 
tism and acromegaly, are both associated with hyperactivity on the part 
of the anterior lobe of the pituitary body. Borchardt (1908) reported 
observations on 176 cases of acromegaly. Seventy-one cases of this series 
showed spontaneous glycosuria which appeared to be independent of the 
diet. Goetsch, Cushing and Jacobson (1911) confirm this report in that 
in the early stages of acromegaly spontaneous glycosuria may occur. 
They suggest that during the hyperplasia of the anterior lobe the pars 
intermedia and pars posterior may be stimulated to greater secretory 
activity which in turn produces the glycosuria. They further observed 
that in the later stages of acromegaly, a marked increase in the carbohy- 
drate tolerance may be present. This increased carbohydrate tolerance 
was reduced by administration of posterior lobe extracts. These results 
were similar to those obtained by the same authors (1911) when they 
showed that the increased carbohydrate tolerance which resulted from the 
removal of the posterior lobe of the pituitary, could be reduced by ad- 
ministration of extracts of the posterior and anterior lobes separately 
These authors did not study the effects of the anterior lobe extracts 
on the carbohydrate metabolism in normal dogs. In view of Borchardt’s 


f 


report (1908) on the frequent occurrence of glycosuria in cases of 
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acromegaly and that of Goetsch, Cushing and Jacobson (1911), who 
showed that anterior lobe extracts reduce the increased carbohydrate 
tolerance in dogs following the removal of the posterior lobe, the present 
work was undertaken to observe the changes produced in blood sugar, 
urine sugar and urine volume in healthy adult dogs, by intramuscular or 
subcutaneous injections of extracts of the anterior lobe of the pituitary 
body. 

Metuops. Fresh pituitary glands of the ox were used throughout this 
work. Extracts were made from the anterior lobes and special precau- 
tions were taken to insure that only anterior lobe was used. The glands 
were frozen and a few thin slices taken from the exterior of the anterior 
lobe, the greater portion of the gland being discarded. There was little 
likelihood of admixture of the tissue from pars intermedia as pars pos- 
terior since Evans (1924) states that, in the pituitary gland of the ox, 
a separation of the anterior lobe from pars intermedia and pars posterior 
can be readily effected. Protein-free extracts were made from the thin 
slices of the anterior lobe thus obtained. 

Healthy adult dogs, kept on a constant diet, were used as test animals. 
These animals were subjected to a control period prior to the administra- 
tion of the extracts, which lasted for three days. During the control 
period quantitative determinations of the blood sugar and urine volume 
were made daily and also the urine was tested for the presence of glucose. 
Following the control period the extracts were administered to the animals 
by intramuscular or intravenous injection. During the period of ad- 
ministration of the extracts and the period thereafter, quantitative deter- 
minations of the blood sugar, urine sugar and urine volume were made 
daily until the normal control level was again reached. 

Throughout these experiments the blood sugar determinations were 
made by the Folin-Wu method and the urine sugar determinations by the 
method of Benedict. The periods of administration lasted from four to 
ten days, with gradually increasing doses, after which the animals were 
allowed to recover. In some of the animals as soon as the normal con- 
ditions were reached the experiments were repeated. 

The action of the extracts on the blood pressure of rabbits and dogs 
was determined. The blood pressure was recorded by the direct method 
from the carotid artery and the extracts were injected intravenously by a 
cannula inserted in the external jugular or femoral vein. The effects of 
these extracts on excised uterine strips, suspended in oxygenated Locke 
solution, were also observed. Rabbit and virgin guinea-pig uteri were 
used. 

The livers of the experimental animals were analyzed for glycogen and 
the results compared with analyses made from livers of normal dogs. 

Control experiments were carried out on healthy adult dogs. In these 
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experiments extracts of fresh beef liver and fresh dog muscle were used 
[hese extracts were made by exactly the same process as the extracts o 
the pituitary glands. The extracts were administered intramuscularly 
and records of the blood sugar, urine sugar and urine volume were made 
as in the experiments described above. 

OBSERVATIONS. a. Changes in the blood sugar, urine sugar and urine 
volume following the administration of extracts of the anterior lobe Of the 


pituitary body. The results of these experiments show that, within twenty- 


3 ~ 


Fig. 1 Fig. 2 

Fig. 1. Effect of extracts of the anterior lobe of the pituitary body on the blood 
sugar, urine sugar and urine volume of healthy adult dogs. Graph 1: Changes in 
blood sugar. Graph 2: Changes in urine sugar. Graph 3: Changes in urine volum« 

Fig. 2. Effects of extracts of the anterior lobe of the pituitary body on the blood 
sugar urine sugar and urine volume of dogs which had been previously treated with 
the same extracts. Graph 1: Changes in the blood sugar. Graph 2: Changes in th 
urine sugar. Graph3: Changes in urine volume 


four hours following the first injection of the extracts, there is a sharp 
increase in the blood sugar and urine volume accompanied by a marked 
glycosuria. After several days there is a fall in the blood sugar as well as 
in the urine volume (fig. 1). The actual amount of sugar in the urine is 
diminished but the relative amount (mgm. per 100 cc. of urine) remains 
high. Following this temporary fall in the blood sugar and urine volume 
a marked hyperglycemia and polyuria develop. The glycosuria which 
already existed is still pronounced. After the administration of the ex- 
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tract is discontinued the hyperglycemia, polyuria and glycosuria gradually 
subside, reaching the control level after several days. 

When the experiments are repeated immediately on the same animals 
the results differ in that hyperglycemia fails to develop as a result of ad- 
ministration of the extract although polyuria and glycosuria develop im- 
mediately and remain high throughout the period of administration. 
Following the period of administration the glycosuria and polyuria gradu- 
ally subside and reach the normal control period after several days (fig. 2). 

b. Effects of extracts of the anterior lobe of the pituitary body on blood 
pressure. The intravenous injection of the extracts produces a slight 
rise in the blood pressure of the rabbit and dog. Successive injections 
of the extracts always produce a pressor effect. The increase in blood 
pressure due to the second or third injection is just as great as that pro- 
duced by the first and the records are practically identical. 

c. Effects of extracts of the anterior lobe of the pituitary body on excised 
strips of uterus. The extracts in high concentration fail to stimulate fresh 
excised strips of rabbit and guinea-pig uterus suspended in Locke solu- 
tion at 37°C. 

d. Control experiments. Effects of extracts of liver and muscle on the 
blood sugar, urine sugar and urine volume of healthy adults dogs. In- 
tramuscular injections of extracts of liver and muscle failed to produce 
hyperglycemia, polyuria or glycosuria in any of the animals tested. 

Discussion. The function of the anterior lobe of the pituitary body is 
obscure. As previously stated Minkowski (1887) was the first to associate 
the condition known as acromegaly with a disturbed function of the 
pituitary body. At the present time acromegaly and gigantism are 
associated with pathological disturbances of the anterior lobe of the 
pituitary. Of Borchardt’s 176 cases of acromegaly, 71 showed a spon- 
taneous glycosuria. Extracts made from the whole of the pituitary body, 
he found, produced a hyperglycemia in rabbits but his results on dogs 
were uncertain. He concluded that it was suggestive that the glycosurias 
of acromegaly were due to hyperactivity of the pituitary body. 

Goetsch, Cushing and Jacobson (1911), as stated above, confirm the 
observations of Borchardt in that spontaneous glycosuria is not un- 
common in cases of acromegaly. In view of their experimental results 
on dogs they concluded that the glycosuria of acromegaly was probably due 
to an active stimulation of the pars intermedia and pars posterior by the 
hyperplasia of the anterior lobe and later as the disease progresses, with 
adenoma formation, there is a hypofunction of the posterior lobe and pars 
intermedia resulting in an increased carbohydrate tolerance. 

The present work shows that extracts of the anterior lobe of the pitui- 
tary body of the ox produce a hyperglycemia, polyuria and glycosuria in 
healthy adult dogs within twenty-four hours after the first injection. 


OF PITUITARY 


ANTERIOR LOBE 


ally The evidence points to the presence of a substance or substances in the 
anterior lobe of the pituitary which when present in the body, in excess 
nals produce the above symptoms. It therefore seems plausible to infer that 
ad- the spontaneous glycosuria which occurs in the early stages of acromegaly 
—_ may be due to a hyperactivity of the anterior lobe of the pituitary which 
- is, at that time, in a hyperplastic condition. 
du- At this juncture it is of interest to mention the work of Eerdheim and 
2). Stimme (1909) who observed that, not infrequently, during pregnancy 
od the anterior lobe of the pituitary shows enlargement with marked histolog- 
cht ical changes. It is of further interest that glycosuria during pregnancy 
_ is not uncommon. 
od The hyperglycemia produced by our extracts is probably due to an 
- increased glycogenolysis. This idea is supported by the observation that 
the livers of dogs treated with the extracts differed from those of normal 
ed dogs in that they failed to show appreciable amounts of glycogen. The 
sh observation that hyperglycemia fails to accompany the polyuria and 
- glycosuria in animals which have been previously treated with the extracts 
is probably due to the increased glycogenolysis which occurred in the 
liver during the first experiment. — The presence of glycosuria and poly- 
- uria in the dogs which had been previously treated with the extracts, sug- 
© gests that the threshold value of the kidney for glucose is lowered as a 
result of the administration of the extracts. In accordance with this 
a view is the observation made in the first experiments, on normal dogs, 
4 that the glycosuria persists when the blood sugar and urine volume are 
? markedly diminished to approximately the normal levels. 
' The effects of these extracts made from the anterior lobe of the pituitary 


body, on the blood pressure and on excised strips of rabbit and guinea- 


pig uterus, indicate that the active substances are not identical with 


“‘nituitrin.’”’ That the substances are not common to all the tissues of 


the body is shown by the observation that extracts of liver and muscle, 
made by the same method, failed to give similar results 

We wish to express our appreciation for the kind suggestions of Prof. 
F. R. Miller and Prof. A. Bruce Macallum throughout this work. 


SUMMARY 


1. Extracts of the anterior lobe of the pituitary body of the ox, when 
injected into healthy adult dogs, cause hyperglycemia, polyuria and gly- 
cosuria. 

2. Extracts of the anterior lobe of the pituitary body of the ox pro- 


duces polyuria and glycosuria but no hyperglycemia in dogs which have 


been previously treated with the extracts. 
3. The hyperglycemia is probably due to increased glycogenolysis in 


the liver. 
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4. The threshold value of the kidney for glucose, is lowered as a result 


of the administration of the extracts. 


5. The action of the extracts on blood pressure and uterine strips are 


not similar to the action of ‘‘pituitrin.”’ 


6. Extracts of liver and muscle made by the same process as the ex- 


tracts of the anterior lobe of the pituitary body, failed to give similar 


results when administered to healthy adult dogs. 
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Koehler, 1923) that buffered 


It has been observed (Leake, Hall and 
phosphate perfusing solutions more alkaline than pH 7.3 or more acid 
than pH 7.0 tend to constrict the blood vessels of a frog. Moreover, it 
was found that small amounts of lactate ions (0.15 per cent normal sodium 


lactate) in such perfusing fluids seem to counteract this constricting action 
This so-called specific dilating effect of the lactate-ion was particularly 


striking in the pH range above 7.4. 

Miiller (1924) has completely denied this action of the lactate-ion. His 
experimental observations, however, would not seem to warrant such a 
sweeping negation. While he found no change in the rate of perfusion 
when lactate-free fluids were substituted for lactated solutions, or vice- 


versa, in pH values below 7.6, nevertheless he did note at a pH of 7.6, a 
dilatation when the change was made from a lactate-free fluid to a solution 


containing 0.4 per cent lactate-ions, and vice-versa, a constriction 

The studies leading up to this problem have already been reviewed in the 
two articles noted above. In the work here reported, the effort was made 
to reach a better understanding of the situation in the light of the perti- 
nent criticisms directed by Miiller against the work of Leake, Hall and 


Koehler. 

Critique. Miiller rightly criticizes the Americans for failing accurately 
to adjust the osmotic pressure of their perfusing solutions. He found in the 
frog that a perfusing fluid (buffered but lacking colloidal material) with an 
osmotic pressure of A = 0.55 or greater tended to dilate the blood vessels, 
whereas one of A = 0.50 or less tended to constrict them. In our experi- 
mental work reported here, we adjusted our perfusing solutions in each 


case to an osmotic pressure of A = 0.47, which we considered isotonic with 
frog’s blood. Actual experimentation, however, with perfusing fluids of 
various osmotic pressures did not convince us that such slight differences 
as noted by Miiller were effective in altering the caliber of the blood ves- 
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sels. For example, as shown in table 1, only slight alterations in the rate 
of perfusion, from 2 to 4 seconds per cubic centimeter, resulted from chang- 
ing an isotonic buffered Ringer’s solutions with a pH of 7.21 and A = 
0.468, to a similar hypotonic fluid with the same pH, but A = 0.385, or to 
a similar hypertonic solution of the same pH, but A = 0.592. Inasmuch 
as we seldom perfused any one fluid longer than 5 minutes, or any one 
frog longer than 30 minutes, we may not have given time enough for the 
tendencies observed by Miiller to develop. 

Careful consideration was given to the method and apparatus proposed 
by Miiller for measuring and recording the rate of perfusion, but it was 
rejected as inferior to the method previously used by Leake, Hall and 


TABLE 1 
Effects of altering osmotic pressures of buffered Ringer’s perfusing fluids of pH of 7.21 
on rate of perfusion in frogs. An increase in the rate of perfusion indicates a con- 
striction of the blood vessels, and vice versa, a dilatation 
FROG OSMOTIC PRESSURE DURATION OF PERFUSION RATE OF PERFUSION 


A minutes seconds per cubic centimeter 


.468 10 
10 
.592 12 


.468 12 


coon 


16 
14 
16 
14 
18 


.468 
.592 
.468 
. 992 


. 385 


0.468 
0.592 8.0 
0.385 8.0 


Koehler for the following reasons. First, it measures the rate of inflow by 
drops into a container from which the frog is perfused, thus making pos- 
sible a considerable error due to conditions beyond the point of measure- 
ment. Second, it necessitates an absolutely air-tight compartment in 
which the drop-recorder is suspended. It is doubtful that this compart- 
ment can be maintained air-tight under the conditions prescribed by the 
type of apparatus. Any slight leak at this point would result in a marked 
discrepancy between the actual rate of perfusion and the apparent rate as 
recorded by the dropping apparatus. Third, the ingenious syphon in- 
troduced by Miiller to regulate automatically the head of pressure presents 
no advantages over the customary Mariotte pressure bottle system used 


1 0 
0 
0 
2 0 4 
0 4 
0 + 
0 4 
0 4 
| 5 18 
3 16 
20 
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in perfusion experiments, but brings in an error due to a pro! 
adjustment. 

The rate of perfusion in our experiments was determined in secor 
cubic centimeter, by means of a signal marking pen recording on 


TABLE 2 

V asodilating effects of lactic acid and urea on the blood vessel 

buffered Ringer’s solutions more alkaline than pH 7.3 or more 

signifies Ringer’s solution; ‘‘L’’ signifies Ringer's solution conta 

“U”’ signifies Ringer’s solution containing urea 

Note: The figures shown have been selected (at the suggestion of the edi 
in the effort to save space) from a considerable number of experiments 
which will be supplied on request. 


PERFUSING FLUID AVERAGE RATE OF 


FROG NUMBER 
sND pH PERFUSION 


seconds per cubic 
centimeter 
26 


4 
Weight 58 grams 


‘ 
‘ 
‘ 
‘ 
‘ 
‘ 
‘ 


6 


Weight 35 grams 


17 
Weight 62 grams 


160 


ing drum the moment of emptying of a double tilting bucket into which 
the perfused liquid dropped. A thumb-screw adjustment beneath the 
bucket made it possible to adjust the instrument quite accurately to 1 ce. 
of the fluid used for the particular temperature at the time. It was also 
found necessary to correct it in order to account for the practically con- 
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d ita fror 
R7.2 70 
RT 6 72 157 
U 7.6 60 143 
RT.6 72 167 
L 7.6 42 134 
160 
U 7.6 56 178 
| R g.2 42 90 
60 133 
40 104 
L 4 36 92 
55 118 
L 4 35 S5 
U 8.4 39 94 
R 7.2 14 50 
R 6.0 44 130 
L 6.0 35 138 
R7.2 22 105 
R 6.0 38 118 
L 6.0 30 113 
i; 33 125 


110 CHESTER M. KURTZ AND CHAUNCEY D. LEAKE 


stant residuum of liquid remaining in the bucket after emptying. When 
the rate of perfusion was 30 seconds per cubic centimeter, the limits of 
error of the method were plus or minus 1.4 second per cubic centimeter, 
as determined by repeated trial using a burette and stop-watch, and 
with the kymograph revolving at the speed employed in the perfusion 
experiments. 

Experimental. For perfusing fluids we used Ringer’s solutions (NaCl 
0.65 per cent; KCI 0.014 per cent; CaCl. 0.012 per cent; NaHCO; 0.01 
per cent) buffered with primary and secondary sodium phosphates, and 
adjusted by these substances to various pH levels between 6.0 and 7.8. 
Our lactated perfusates contained 0.15 ec. normal sodium lactate solution 
per 100 cc. of fluid. Since Hooker (1911) showed that urea added to Ring- 
er’s solution and perfused through frogs, caused vasodilatation, we also 
decided to study the vascular effects of this substance when added to 
buffered Ringer’s solutions, adjusted to definite pH values by means of 
primary and secondary sodium phosphates. The purpose of this study was 
to determine whether or not urea, another product of body metabolism, 
possessed the same vasodilating effects as the lactate ion, when the blood 
vessels of the frog were constricted by alkaline (pH above 7.3) or acid 
(pH below 7.0) perfusates. Our urea perfusates contained 0.15 ce. nor- 
mal urea solution per 100 ee. of fluid. The actual pH levels of our various 
solutions were determined electrometrically immediately before they were 
perfused through the frogs. 

Leake, Hall and Koehler (1923) perfused each of their frogs with a con- 
siderable number of buffered solutions at different pH levels. We de- 
termined not to perfuse our frogs for so long a period, but to restrict our- 
selves to comparing in any one animal the effects of buffered Ringer's 
solution (R), the lactated fluid (L), and the solution containing urea (U 
at the same pH level. Then other frogs were used for comparing the 
corresponding pe iusates at other pH levels. We started perfusion in each 
case with buffered Ringer’s solution at a pH between 7.0 and 7.3, between 
which points no change in the vascular caliber is ordinarily noted. The 
brains and spinal cords of the frogs were pithed before perfusion was begun, 
and the wounds were plugged with cotton. 

As may be seen from the tables, and also graphically in figure 1, buffered 
Ringer’s solutions more alkaline than pH of 7.3 or more acid than pH of 
7.0 caused a constriction of the blood vessels of the frogs through which 


they were perfused. The constriction was more pronounced on the 
alkaline side than on the acid. The addition of small amounts of sodium 
lactate, or of urea, inhibited this constricting effect, the response again 
being greater on the alkaline side than on the acid. In comparison with 
equivalent amounts of urea, sodium lactate was found to be about 10 per 
cent more active on the average in inhibiting this constricting effect. As 
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may be noted there was considerable individual 
responsiveness to the different perfusing fluids 

Discussion. These findings confirm the results of Ls 
Koehler (1923). They also confirm the results of Hooke: 
to the dilating action of urea on blood vessels We find it diffie 
stand why Miiller (1924) in the face of his own results 
vasodilating action of lactate ions, unless he objects to the use of the 
“specific” in connection with it. This vasodilating effect of lactat 
and of urea is “specifie’’ in the sense that it is an active defi 
and most apparent when the vascular system is constricted by 
more alkaline than pH of 7.3 or more acid than pH of 7.0 


We desire to call attention again to the possible physiological significan 


Fig. 1. Graphic record of the perfusion of a frog showing the vasodil: 
of lactic and urea on blood vessels sharply constricted with buffered Ringer's s 
tion ata pH of 7.6. The time is in 8 seconds, and the interval required to « hange 
one perfusing fluid to another is indicated by ‘‘wash out.’’ The data from this t1 
ing are as follows: 


PERFUSION FLUID AND pH 


Ringer’s pH 7.2.. 
Ringer’s pH 7.6 
Lactate pH 7.6... 
Ringer's pH 7.6 
Urea pH 7.6..... 


of the dilating effect of small amounts of lactic acid in the fluid passing 
through a blood vessel. It should be stated here that Dr. IF. G. Hall (un- 


published data) has found in preliminary experiments that this general 


discussion, so far as alkaline perfusates are concerned, is applicable to 
mammals. In addition to the ideas considered by Leake, Hall and Koehler 
(1923), two other propositions appear worthy of comment. 

In the first place, the circulatory changes resulting from anoxemia may 
be minimized by the concurrently increased lactic acid content of the blood. 
Anoxemia has been shown by Loevenhart and his pupils (1925) to cause a 
diphasie shift in blood reaction, with a marked alkalosis developing first. 
This alkaline condition of the blood might be expected to initiate sharp 
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vasoconstriction, since the alkalinity may reach a pH of 7.7 and higher. 
In such an acute anoxemia, Macleod (1921) has found that a considerable 
increase in the lactic acid content of the blood takes place. Anrep and 
Cannan (1923) showed further that the lactic acid content of the blood is 
roughly proportional to the alkalinity, and that it is dependent on the 
pH of the blood and not, primarily, on the oxygen or carbon-dioxide ten- 
sion. May not this abnormally high lactic acid content of the blood be 
concerned in a compensatory mechanism to offset a possibly harmful 
vasoconstriction due in part to the high alkalinity of the blood in the first 
stages of anoxemia? 


Vasoconstriction in anoxemia is due to augmented blood alkalinity, 
stimulation of the vasomotor center, and possible outpouring of adrenin. 
This vasoconstriction is counteracted by the tendency of the increased 
lactic acid in the blood (also due to the anoxemia) to dilate the blood ves- 
sels. The net change in the circulation would tend to remain within 
physiological limits, but with the blood vessels subjected to an abnormal 
balance of strongly opposing stimuli, and thus more responsive to any 
variation in the intensity of these stimuli. Since there is no evidence that 
increased acidity constricts blood vessels in mammals, these considerations 
would not necessarily hold in the acid phase of anoxemia. 

Another proposition worth comment is the possible réle of lactic acid in 
opening up capillaries in a muscle when the muscle becomes active. Krogh 
(1922) has given beautiful evidence that capillaries are not merely passively 
dilated by increased blood pressure, but that they possess an active 
mechanism for changing caliber. It is possible that enough lactic acid 
escapes oxidation in the initial muscle contraction to come in contact with 
the capillary tissue, assist in relaxing and opening it up, and thus to per- 
mit adequate blood supply to the active muscle. 

Increasing data (Heymann, 1921; Hammett, 1922; Evans and Under- 
hill, 1923) is accumulating to show that all smooth muscle is responsive to 
changes in the pH of the fluid in contact with it. The presence of lactic 
acid or of urea in such a fluid will apparently alter the character of the 
response. 


SUMMARY 


Perfusion experiments in frogs indicate that small amounts of urea as 
well as lactic acid will cause vascular dilatation when the blood vessels are 
constricted by buffered Ringer’s solutions with a pH above 7.3 or below 
7.0. The effect is more striking in the alkaline range. 

There is undoubtedly a chemical mechanism of checks and balances for 
the control of smooth muscle function as well as a corresponding nervous 
mechanism. 
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The few attempts heretofore made to influence sexual maturity in the 
normal animal by pituitary transplantation have been uniformly unsuc- 
cessful (Schafer, 1911; Clairmont and Ehrlich, 1909; Exner, 1910.)' The 
procedures followed by these investigators were apparently based upon the 
hope that their transplants would survive for some time, and consequently 
but a single implant of one or several glands was made. It appeared to me 
not improbable, judging from my success (Smith, 1926, 1927) in restoring to a 
normal condition the sex apparatus of animals in which a profound atrophy 
of this system had been induced by hypophysectomy, that frequent or 
daily pituitary transplants would be successful in hastening sexual maturity 
in the normal rat, for the restoration in the hypophysectomized rat was 
not secured by infrequent implants nor by other methods of pituitary 
administration (feeding or the injection of fresh bovine pituitary sub- 
stance). It thus seemed of interest to start a series of experiments in 
which daily homoplastie pituitary transplants would be made in animals 
which normally would not attain sexual maturity for many days. Striking 
results were at once secured: all those phenomena characteristic of sexual 
maturity (opening of the vagina, the vascular engorgement and the en- 
largement of the uterus, follicle and corpus formation) being obtained in 
animals long before they normally would have appeared, and giving results 
which transcend all normal variability. 

That both the genital tract and the ovaries have the capacity to develop 
precociously appears from the work of others. Thus a sexually mature 
condition of the vagina and uterus resulted from the injection of follicular 


1 Attempts to hasten sexual maturity by other methods of pituitary administra- 
tion have likewise been unsuccessful or not convincing, in some cases maturity of 
the sex apparatus even being apparently delayed. That feeding of pituitary sub- 
stance does not hasten sexual maturity is clearly shown by the work of Lewis and 
Miller (1913), Frank (1919), Sisson and Broyles (1921), Evans and Long (1921), 
Aldrich (1912) and Pearl (1916), whose findings do not support those of Goetsch 
(1916) and Schafer (1911). The intraperitoneal injection of fresh pituitary sub- 
stance from the beef does not hasten but apparently retards sexual maturity 
(Evans and Long, 1921). 
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ment of the ovaries also can be hastened as shown by the transplantations 


fluid in animals only twenty-six days of age 


of Evans and Long (1922). Ovaries from immature rats rapidly matured 
and induced oestrus when transplanted into adults. It is thus evids 
that the maturity of the genital system depends not upon an age fact 
alone but also upon the presence or absence of certain constituents in the 
body fluids. 

Mertuop. In this study only young female rats (pied) have been used 
as recipients for the transplants. The pituitary tissue for transplantation 
was secured indifferently from full-grown male and female rats. The 
posterior lobe was usually included in the transplant although the same 
effects were obtained if the pars anterior alone, was used. The method of 
transplantation is simple and rapid. After decapitating the donor, its 
cranium is opened and the pituitary exposed, care being taken to preserve 
its sterile condition. The gland is then cut into several fragments, drawn 
into a small glass cannula and injected into the leg muscle of the anesthe- 
tized recipient. The entire process aside from anesthetizing the recipient 
takes but a few minutes. One transplant daily was made in all cases 

The vagina was allowed to open spontaneously. In certain cases autopsy 
was done immediately after the complete establishment of the vaginal 
canal. In other cases it was postponed for several days. 

In addition to the giving of transplants to normal immature females, 
in several cases similar treatment was accorded to immature ovariecto- 
mized females. In all approximately thirty animals have been given trans- 
plants, littermate sisters being used in all cases as controls. 

Resutts.— Reference to table 1 shows the rapidity with which sexual 
maturity is induced by the pituitary transplants in animals which otherwise 
would have remained sexually immature for a considerable period... Four 
to nine transplants, depending upon the age of the recipient, invariably 
caused the complete establishment of the vaginal canal, a uterine 
hyperemia together with an oestral accumulation of fluid, and the formation 
of large follicles or of corpora lutea., Cornified epithelium appeared in the 
vagina immediately or within a few hours, as shown by smears. This 
condition was produced as early as the weaning date (on the 22nd day of 


2 “Sexual maturity’’ is used here in the same sense as used by Allen and Doisy 
(1924) and is synonymous with puberty. It was used by Long and Evans (1922 
to designate the time when mating first took place. Such a use here appears in- 
advisable, for the small size of these animals makes copulation as a test of sexual 
maturity uncertain 

There is great variation in the age at which sexual maturity normally takes place 
Long and Evans (1922) found in a group of 200 rats that the age at first ovulation 
varied from 45 to 147 days, averaging 77 days; the age at which the vagina opened 
varied from 34 to 109 days, averaging 72 days. In another group of 600 rats 2 ovu- 
lated at 35 days. 
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life), transplants having been commenced in this case at the age of 14 
days (table 1). The gross appearance of the sex apparatus of an animal 
which received the transplants as contrasted with an untreated control 
is most striking (figs. 1,2). It impresses one with the potency of the pitui- 
tary tissue, the implantation of which produced these profound changes. 

An autopsy performed immediately after the opening of the vagina 
revealed the presence of large follicles but no corpora. However, the post- 
ponement of autopsy for a few hours invariably showed the presence of 
corpora, The changes occurring in the ovaries of these precociously 
mature females thus correspond to those normally occurring at sexual 
maturity. 

The history of the few animals which were allowed to survive for a period 
following the attainment of this precocious maturity and which received 
no more transplants, shows that the characteristic oestral, vaginal smear 
soon changed to the dioestral type. This type of smear persisted in the 
two animals allowed to survive for 17 days after the opening of the vagina, 
and in a number not autopsied for 10 days. At autopsy their uteri were 
in the dioestral condition. This postponement of the second oestral 
eycle which is longer than that usually displayed by the animal which is 
allowed to mature normally, together with the failure of the body and organ 
weights to show any marked increase over that of their normal controls 
indicates that general body development has not been greatly hastened by 
the transplants. 

In no case has mating of these animals at the appearance of oestrus 
been attempted. Such a test appeared futile because of the difference in 
size obtaining between them and the sexually mature male. Furthermore 
such a test would not appear to be of much significance since mating does 
not usually occur at the first oestrus in the normal animal (Long and 
Evans, 1922). 

It was of some interest to determine whether the time required to induce 


Figures 1 to 8 are from rats W 1495 and W 1493 (table 1). 

W 1495—Received daily pituitary transplants from the fourteenth to the twenty- 
third day of its life (10 transplants). Mature sexually. Autopsied at the age of 
24 days. 

W 1493—Littermate sister control. Immature sexually. No transplants. 
Autopsied at the age of 24 days. 

Fig.1. W 1495. Uterus showing enlargement and vascularengorgement. X 13. 


Fig. 2. W 1493. Uterus showing immature condition. X 12. 
Fig. 3. W 1495. Epithelium of vagina. Upper third. X 240. 
Fig. 4. W 1493. Epithelium of vagina. Upper third. X 240. 
Fig.5. W 1495. Middle third of left horn of uterus. The uterine fluid escaped 


during the time taken to photograph the intact sex apparatus and the organ con- 
tracted. X 61. 
Fig. 6. W 1493. Middle third of left horn of uterus. X 61. 
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premature sexual 


induce sexual maturity. 


The hypophysectomized animals wer op rated 


given in this column 


oestrus. 


they could not be used to determine sexual maturity 


which does not follow ovariectomy (Long and Evans, 


rABLI 
Table showing the effect of hypophysectomy before sexual n y upon th 
EXPERIM AGINA OF 
I SI A AT 

\\ Agi 

W 1453 Normal control 14 

W 1455 Hypophysectomized $2 107 114 

W 1456 Hypophysectomized 12 
B 1457 Hypophysectomized 42 113 Not open on 


156th day 


upon at the age and 


plants given or whether the age of the recipient also played a part. 


W 


maturity depended solely upon the number of trans- 


In 


one series daily transplants were begun when the recipients were 14 days 
of age. The vagina opened in one animal on the 9th day following, in two 
on the llth day. In other series in which the transplants were not begun 
until the recipients were 20 to 26 days of age sexual maturity was induced 
in from 5 to 7 days (table 1). Thus within broad limits the age of the 
recipient appears to play a part in the time taken by the transplants to 


Thus far I have considered only the induction of premature sexual 
maturity in the normal rat by the daily pituitary transplants. The oppo- 
site condition, a postponement of the complete establishment of the vaginal 
canal, results from pituitary ablation. Although my data on this point 


are not extensive due to the fact that most of my hypophysectomies have 


been done at about the time of sexual maturity or later, yet the few cases 
available tndicated rather conclusively that pituitary ablation postpones 
the opening of the vagina (table 2).° In several animals whose vaginal 
orifices failed to open following pituitary ablation I have made daily 
pituitary transplants. In no case has this treatment failed to open the 
vagina and to induce the uterine and vaginal changes characteristic of 


A microscopic study of the genital system of the animals which were 


The cyclic changes of the genital apparatus which occur with great regularity 


in the normal female are never seen in the hypophysectomized rat, consequently 


\s a matter of fact the hypo- 


1929 


physectomized rat never matures sexually It was interesting to find that the abla- 
tion of the pituitary will inhibit the establishment of the vaginal orifice, an effect 


ENED 
Weisht 
107 
Su 


given the daily pituitary transplants shows 
all the structural changes characteristic of sexual 

treated littermate sisters exhibit an immature condition I} 
animal the vaginal epithelium is many-layered 
fied and frequently dehiscent (fig. 3) in contrast 
layers forming the epithelium in the control (fig. 4 Phe uterus of the 
treated animal ts lined by a high columnar epithelium bene 
is a well differentiated submucosa, under which are well developed mus 
lar layers fig. 5). In the control the uterine epl helium is low e sub- 


mucosa undifferentiated and the muscular coats neither well develope: 


Fig 7 W 1495 Le ft ovary s| he s ection is through the greatest diameter 
the gland. Corpora are present. ¢ x 30 
Fig &. W 1493. Left ovary section 1s through the greatest dian 


gland. X 30. 


well differentiated (fig. 6). The ovaries of the treated animals show a ma- 
ture condition. — Follicles of all ages, most of which display no degenerative 
changes, are present and in all those cases in which a sufficient interval of 
time separated the opening of the vagina and autopsy, corpora are present 
fig. 7). These usually have a central cavity as is generally the case in 
newly formed corpora lutea. In contrast to this condition is the pieture 
displayed by the ovaries of the untreated littermate sisters. The follicles 
present are small and frequently atretic and there are no corpora (fig. S 
It is thus seen that structurally all the criteria of sexual maturity are 
fulfilled by these treated animals 


a: 
— 
7. 
f 
} 


122 PHILIP FE. SMITH 

Kymographic records of the spontaneous contractions of the isolated 
uterus in Ringer's solution show that the amplitude of contraction of this 
organ, in the treated rat appr maches or equals those from animals which 


have matured at the usual time. They greatly transcend the amplitude 


wy 
Sha L.horn UE. Rat Ant Hy Transpl. 26. 


hig. W 1640 Matured sexually at the age of 31 davs after receiving anterior 
pituitary transplants for 5 days. Kymographie record of the uterine contractions 


See table | 


W 1637 Uterus 
Control / / 


Fig. 10. W 1637 Untreated littermate control. The length of the reeording 


lever and its load were the same in making these two records 


of contraction displayed by the uceri of the controls (figs. 9, 10). Thus, 
as far as can be ascertained, by this method there is a profound physiologi- 
cal difference between the uteri of the controls and treated rats. 

It seemed of interest to determine whether pituitary transplants would 
stimulate the development of the uterus and vagina of the immature rat, 


i 


SEXUAL MATURITY 


INDUCED PRECOCIOUS 


+ 


Three animals were ovariectomized near 


in the absence of the ovaries. 
the weaning date, and after waiting two days for recovery from the opera- 
tion, they together with unoperated litter mates were given daily pituitary 
Not only 


transplants, untreated littermate sisters serving as controls. 
were none of the characteristic phenomena ot oestrus produced by these 
transplants ia the absence of the ovaries but the uterine atrophy which 
follows ovariectomy was not prevented (table 1). This finding is in har- 
mony with and perhaps could be anticipated from the work of Allen and 
Doisy (1924) in which it was found that precocious maturity resulted from 
the injection of follicular fluid. The fact that the vagina opens at the nor- 
mal time in the absence of the ovaries (Long and Evans, 1922) gave me some 
hope, however, that these transplants might be effective in causing a pre- 
mature opening in the absence of these glands. Success seemed not im- 
probable, also, from the fact thac the uterine atrophy consequent to hypo- 
physectomy is greater than after ovariectomy, a difference which shows 


that the ovarian atrophy which is induced by hypophysectomy is not 
solely responsible for the accompanying uterine atrophy 

Discussion. The success of the writer in invariably inducing premature 
sexual maturity by daily pituitary transplants stands in sharp contrast to 
the failure of other methods of pituitary administration to hasten the de- 
velopment of the sex apparatus of the immature animal. The failure of 
other investigators to secure this hastening by pituitary transplants is 
readily understandable for but one transplant—of one or several glands 
was made in each animal. This soon degenerated as shown by the histo- 
logical study of Clairmont and Ehrlich (1909). In my work this degenera- 
tion has not made the treatment ineffective because the transplant was 
daily renewed. The failure of pituitary feeding to hasten sexual maturity 
is not surprising for with this method of administration the digestive proc- 
ess as well as possible autolysis from the use of not absolutely fresh tissue 
may injure the hormone. The failure of the intraperitoneal injection of 
the bovine pituitary suspension of Evans and Long (1921) to hasten sexual 
maturity is more surprising. One reason for this failure might be sought 
in a functional difference between the pituitary of the rat and of the beef, 
although any such marked functional difference between the pituitary of 
these two mammals is improbable. The cause of the failure would seem 
much more likely to be due to changes in the gland before it was used, for 
although their pituitary tissue was fresh as compared to the dried gland, it 
nevertheless was several hours old. Many changes in the hormone could 
take place in this period, changes to which the method of preparation may 


also contribute. 

From the failure of the uterus and the vagina to respond to the trans- 
plants in the absence of the ovaries; from the precocious sexual maturity 
induced by the injection of follicular fluid (Allen and Doisy, 1924); and 
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from the follicular growth which results from the pituitary transplants, it 
seems clear that the hastening in the maturity of the uterus and the vagina 
by pituitary transplants, is due to the presence of the follicular hormone 
the formation of which has been stimulated by these transplants. 

Most recent investigators maintain that the ablation of the pituitary has 
no effect upon sexual development or function. Their results—secured 
mostly in the dog—are not in conformity with mine secured in the rat, for 
I have found that after pituitary ablation the sex apparatus not only 
fails to develop but undergoes an actual atrophy. The invariable and 
speedy maturity of the sex apparatus which is induced in the normal im- 
mature rat by homoplastic pituitary transplants supports the idea of an 
hypophyseal-gonadal interrelationship and speaks against the views of 

- those who maintain that the maturity and function of the sex apparatus are 
independent of the pituitary. 


SUMMARY 


1. Daily homoplastic transplants of the pituitary from the adult, given 
intramuscularly, induce sexual maturity in the female rat as early as the 
weaning date (22 days of age), thus transcending all normal variability. 
Animals which are but fourteen days of age when treatment is begun 
mature sexually in from eight to ten days; when the treatment is begun 
at the weaning date they mature in five or six days. 

The opposite response of the sex apparatus results from pituitary abla- 
tion before sexual maturity, the complete establishment of the vaginal 
canal being delayed and the genital system remaining undeveloped. 

2. The anterior pituitary component of the transplant only, is essential 
for the induction of premature sexual maturity, the posterior lobe of the 
pituitary neither hindering nor aiding in the response. 

3. No stimulus to the development of the uterus or vagina of the imma- 
ture ovariectomized rat is given by these transplants. 

4. The invariable and rapid maturity which is induced by daily pitui- 
tary transplants speaks against the view of those who maintain that hypo- 
physectomy does not interfere with sexual development or function, and 
indicates an important hypophyseal-gonadal interrelationship. 
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The present day theory of stimulation is based on the conception of 
Bernstein (1912), and involves the idea of the presence of semi-permeable 
membranes, which are, when the tissue is at rest, in a state of polarization. 
Upon stimulation, it is supposed that this resting polarization is destroyed 
as a result of the breakdown of the membrane at the point of stimulation. 
Considerable evidence has been accumulated in recent years to indicate 
that activity in a tissue may be associated with increase of membrane 
permeability. This conclusion has been arrived at by investigators em- 
ploying differing methods of attack. For example, Mitchell, Wilson and 
Stanton (1921) have shown that frog’s muscle perfused with Ringer’s 
solution in which potassium has been replaced by rubidium or caesium 


takes up the latter substances when the muscle is stimulated during the 
perfusion, but not when the muscle is at rest. Crozier (1922) has observed 
that the penetration of acid into the mantle tissue of Chromodoris zebra 
is accelerated after local stimulation, and Lillie (1916) has noted an in- 
creased permeability during the cleavage of echinoderm eggs. 

It has, moreover, been observed that substances which increase per- 
meability are also stimulators of activity. Thus, Loeb (1913) has shown 
that many such compounds of widely differing chemical composition 
soaps, alkaloids, glucosides, ete.—activate artificial parthenogenesis in 
arbacia eggs, and Lillie has seen the same phenomenon upon placing star- 
fish eggs in pure NaCl, a salt which Osterhout (1922) has shown to increase 
membrane permeability. 

Other observations have been made using electrical conductivity as an 
index of permeability. MeClendon (1912) has published a short note indi- 
cating an increase in the conductivity of frog skeletal muscle during con- 
traction. He does not describe his method in detail, but one gathers that 
he determined the resistance of the muscle at rest, and again at some point 
during tetanization. The influence of the stimulating current, apart from 
the heating effect, was disregarded, as was a change in the form of the 
muscle, although the contraction was apparently not isometric. 
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Recently Bronk and Gesell (1926) have measured the electrical conduc 
tivity of the submaxillary gland, and have demonstrated tha 


ble secretion was elicited as a result of stimulation the conductivi 


ably decreased. They have explained this apparent contradiction of earls 


results by assuming that there is an increase of permeability of the mem- 


basement 


brane on the lumen side of the cells and a decrease on the 


a de- 


If the latter were greater than the former, the net result would be 


crease in conductivity. 

At the Stockholm Congress, Peserico (1926) also reported experiments on 
the submaxillary gland, in which he found that after a short latent period 
following stimulation of the chorda tympani, there was a period of increased 
conductivity, followed, as in the observation of Bronk and Gesell, by a 


decrease coinciding with the secretion of saliva. 

It seemed to us that further study of the relation of activity in organs to 
changes in their electrical conductivity was desirable. The experiments 
which we are reporting in the present paper have to do with this relation 
in the case of the beating tortoise heart. The heart lends itself peculiarly 
well to such a study for a number of reasons. It is easy, for one thing, to 
introduce a barrier of tissue between the conductivity electrodes in such 
manner that all of the current must of necessity flow only through the tis- 
sue itself. Again, the automaticity of the cardiac contraction removes the 
complicating factor of external stimulation. It is moreover not difficult 
to produce and record isometric contractions, involving no change in the 
length and thickness of the muscular wall. By adapting to our needs the 
ordinary methods of observing and recording changes of conductivity, 
and correlating these with simultaneous variations in intraventricular 
pressure, we have obtained results indicating, in brief, that ventricular 
systole is associated with an increase in the electrical conductivity, which 


returns to normal during diastole and diastasis. 

A question should arise at this point as to the relation between changes 
in electrical conductivity and changes in membrane permeability. In 
other words, is one justified in speaking of an increase in membrane per- 
meability when one is actually measuring the electrical resistance of the 
tissue as a whole? It is true, for one thing, that in doing so we disregard 
any condenser action in the tissue, which may influence any quantitative 
deductions that may be drawn. Were this paper to deal with quantitative 
estimations, this objection might be sound, but we have been compelled, 
for reasons into which we shall enter later, to restrict our conclusions largely 
to qualitative ones, and to make our quantitations only approximate. 

Another and more disturbing objection relates to the possible effect of 
molecular reorientation within the cell as a factor in changing the electrical 
resistance. In a recent paper, Garner (1925) has advanced a theory of 


muscular contraction which involves not only a change in membranes, but 
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also in the reorientation of molecules in the hypothetical liquid crystal 
units which are bounded by these membranes. That such a reorientation 
may occur accompanying contraction is of course conceivable, and while 
it is commonly held that changes in electrical conductivity are a function 
of changes in membrane permeability (under the conditions of such experi- 
ments as ours) the possibility is to be conceded that the phenomena to 
which we have alluded must be taken into account. 

Apparatus. In order to study the comparatively rapid changes in 
electrical conductivity taking place in the heart it was necessary to deviate 
from the usual method of determining and recording changes in resistance. 
The basic portion of the apparatus was the usual Wheatstone Bridge, 
the modifications being made to the end that optical records of sound 


FIG.IB 
Fig. 1. Diagram of conductivity apparatus 


changes and intraventricular pressure might be recorded simultaneously. 
Figure 1 presents the apparatus that we used. A is a 1000 mm. slide 
wire resistance connected at the ends to a variable resistance B, which was 
set at 700 ohms in the majority of our experiments, and to the conductivity 
cell C in which the heart was placed; C will be described in detail later. 
B and C, in turn, were connected and led to the primary of the first trans- 
former of the low frequency amplifier F. The other pole of the primary 
was connected to the sliding contact of resistance A. The ends of the slide 
wire A were also connected to the alternating current source. 

We were obliged to use an alternating current of lower frequency than the 
1000 cycles commonly employed in conductivity measurements because of 
the low vibration frequency of our sound recording apparatus. We dis- 
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varded, after a few experiments, an electric tuning fork of 100 vibrations 
on account of the difficulty of amplifying such a low frequency and in view 
of the irregularities of the current evolved. A vacuum tube oscillator, as 
described by Hunter and Patrick (1925) with the substitution of 0.1 for 1 
microfarad condensers (which gave a frequency of 300 cycles) was likewise 
discarded owing to the impossibility of matching the impedance of the 
induction coils of the oscillator with that of the bridge. The current source 
that we finally found to suit our necessities was a small induction coil with 
6 volts on the primary and a 2 mf. condenser across the vibrator to prevent 
sparking. This gave us a frequency of 200 to 300 cycles. 

The transformer, the primary of which was connected in place of the 
ordinary telephone receiver, was the first unit of a two stage low frequency 
amplifier, F. The first transformer had a ratio of 6:1, the second 3.5: | 
Both were of the iron core type. The vacuum tubes were type U.V. 
201A, with 5 volts heating the filament and 90 volts impressed on the plate 
The grid bias was 4.5 volts. 

The amplifying unit in turn was connected to a large telephone receiver 
E. To this was joined by a short length of glass and rubber tubing the 
first portion of the sound recording apparatus, a sound capsule devised by 
Wiggers and Dean (1917). The vibrating membrane of this capsule was 
made of a thin film of rubber cement, allowed to dry, and having on its 
surface a small mirror. By making many membranes it was possible to 
obtain one that was sufficiently sensitive for our purpose. The frequency 
of the current was further adjusted to the resonance of the membrane by 
minor adjustments of the vibrator of the induction coil. While the making 
of films that were sufficiently taut and durable was decidedly uncertain 
and laborious we were able to obtain membranes which at a frequency of 
about 250 cycles would give a change of as much as 12 mm. breadth of light 
beam for every millimeter the sliding contact moved away from the zero 
position. While it was possible to make membranes of still greater natural 
frequency it was our experience that they were too fragile to be serviceable 

The heart was mounted in our apparatus in what served at once as a 
conductivity cell, as a perfusion cannula, and as a manometer for recording 
optically the changes in intraventricular pressure (C in fig. 1 A, shown in 
detail in fig. 1 B). The main portion of the cell, if such it may be termed, 
consisted of a T tube of 3 inch glass tubing, in the vertical arm of which 
was sealed one electrode K. This arm terminated in a cannula L (with 
a lumen of about 3 mm.) which was inserted in the auriculo-ventricular 
orifice. At one end of the horizontal portion of the T-tube the pressure 
segment capsule was attached. The elastic portion of the capsule was a 
piece of rubber dam. This was aligned with the sound capsule, which was 
placed directly above. At the other end of the horizontal arm of the T 
was attached a 3-way stopcock, Q, which was bent at such an angle as to 
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permit the filling of the apparatus without bubbles. The stopcock led to 
an inflow valve, R, which in turn was connected to a reservoir of 0.65 per 
cent saline. A second cannula 7 was inserted in the ventricular cavity 
through one of the large arteries, and connected to a 2-way stopcock, P, 
which in turn led to an outflow valve S through which the saline was con- 
ducted from the reservoir. The valves were of the Sadd type. 

Illumination of the mirrors of the sound and pressure segment capsules 
was by means of an are lamp with the double slit attachment of Katz and 
Baker (1924). Control measurements proved that our arrangement of 
light and capsules was free from parallax. 

All connections were made by bringing glass to glass and holding this in 
place by heavy rubber tubing, particularly in those joints which occurred 
between the stopcocks and the cannulae. This was done in order that the 
contraction, save for the minute movements of the pressure capsule mem- 
brane, might be isometric when the cocks were closed. 

The second electrode, \, was placed directly beneath the heart and as 
close to it as possible. Both were then immersed in a beaker of saline. 
The electrodes were approximately 8 cm. apart. 

TECHNIQUE. In order that the heart might have a fresh supply of 
saline the stopcocks of the perfusion apparatus were left open until the 
tissue had been well washed. With the stopcocks closed a determination 
of the resistance of the conductivity cell (heart and saline) was made dur- 
ing diastasis. The sliding contact of the wire was then moved 2 to 5 mm. 
to the right or left and a photograph taken of the pressure and sound 
changes. As the sound changed in the telephone receiver, the vibration of 
the capsule varied in the same manner, i.e., with an increased sound one 
obtained a band of greater width on the bromide paper. Following a 
reading on one side of the zero for diastasis, a second was taken on the 
opposite side at the same distance from the zero. 

This procedure was necessary because it was of course impossible, in 
view of the rapidity of the change, to determine the ‘‘zero’’ point for suc- 
cessive phases of the contraction by moving the sliding contact. It has 
the drawback that quantitation of the results can only be approximate. 
This will be referred to later. 

The results of this measurement may be interpreted as follows. If the 
sliding contact is set to the right of the zero of diastasis and we find during 
contraction a decrease in the width of the sound beam, it is obvious the 
zero has approached the point at which the sliding contact is set. Con- 
versely an increase in sound would indicate movement of the zero point in 
the opposite direction. Such a movement to the right of the original zero 
would, according to the formula for the Wheatstone bridge, represent a 


decrease in the unknown resistance, in our ease the heart. Hence, such a 
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state, which actually occurs as will be show? 
conductivity during contraction 

When the isometric changes had been recorded 
opened and the zero for isotonic diastasis determined 
tion of the resistance wasobligatory as it Was not necessarily 
isometric diastasis \fter this, observations were mad 
the case of the isometric contraction 

RESULTS. J. The /somet 
photographs of isometric contractions recorded 
deseribed. Numbers | and 2 are records taker 


“zero point’ in a single beat: in the forme) 


Photographic 


intraventricular pressure 


sented by an increase, in the latter by a decrease in the sound It wall bo 
seen that during systole the conductivity becomes greater, reaching a maxt- 


mum after the development of the greatest intraventricular pressure 


During diastole and diastasis the conductivits becomes less Numbers 


In spite ol the fact that these 
he 


3 and 4 are similar reeords in another heart 
show what seem to be much smaller changes than numbers | and 2 


magnitude of the resistance variations in the two cases is of the same order 


the apparently considerable difference between them being due to differ 


ences in the sensitivity of the sound capsules assembled on these particular 
days. Numbers 3 and 4 are records of a heart in which the increase in 
conductivity did not reach a maximum until an exceptionally long interve! 


after the peak of intraventricular pressure 


= 
a 
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lig. 2. records of isometric contraction Lowe ! 
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Figure 3 shows the average percentage change in the sound width in 
relation to concomitant changes in the curve of intraventricular pressure 
during isometric contraction. The sound changes above the 100 per cent 
line were observed when the slider of the Whtatstone bridge was at the 
right of zero; those below the 100 per cent line, when it was at the left of 
zero. An increase in sound width, in the former, and a decrease, in the 
latter (as explained under ‘Technique’’) indicated an increase in the elec- 

trical conductivity. All of the beats 
| used in making this average curve 
were reduced to a standard time of 6 


seconds. The changes in condue- 


tivity are represented in this figure 
as percentages of the sound width 
at the beginning of the rise in in- 
traventricular pressure, while the 


latter is given as the height in milli- 


meters from the base line, as pro- 


CHANGE LN SOUND WIDTH. 


jected and enlarged.'!| The results 


8 


shown are hence qualitative, and 


are merely to be taken as differ- 
ences in the intensity of these two 
phenomena in relation to time. 


Mim AT OF PRESSURE CURVE 


The summarized data which form 


90 
60 60 
30 


6 the basis of the curves in figure 3 
are given in table 1. 

Fig. 3. Conductivity changes in rela- It is evident that beginning with 
tion to intraventricular pressure changes 
Curve P represents intraventricular the onset of systole there is an in- 
pressure, in the sound curves, the one crease in the electrical conductivity 
above the 100 per cent line is taken at the of the ventricle. In a preliminary 
left of “zero.” In this curve, an /nerea report on this matter (1926) we 
in sound width indicates an increase in stated that the change in conduc- 


conductivity. In the other sound curve, Beg i led tl 
taken at the right of zero a de ease in UV It) actua 
sound width indicates an mncrease in chanical evidence ol contraction, 


conductivity Were this point fully established, it 


Since the method we have employed for the measurements of our photographs 
has not been hitherto described, a brief mention at this point may not be amiss 
The tracing to be analyzed was placed in a photographie printing frame and pro- 
jected by a Bausch and Lomb ‘combined Balopticon.”” This apparatus was so 
arranged that the image was projected down to the surface of a drawing board holding 
a large piece ot cross section paper The distances used In our arrangement 35 inches 
between the centers of the mirrors which were 35 inches above the table top) gave a 
magnification of about 3 times. It was found convenient to use a 10 by 20 inch first 
surface mirror as the second reflecting surface in order that the entire beat be visible 
at the same time. This method facilitated the tracing and measurement of the sound 


and pressure Curves. 
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would be of considerable importance, and from purely theoretical c« 
siderations it might, perhaps, be expected to occur. We found, however 
on continuing our experiments, that upon using a lighter and more sensi- 
tive membrane for recording pressure changes we were unable to repro- 
duce our earlier records in this respect. In our later experiments the 
increase in electrical conductivity occurred at approximately the same time 
as the beginning of the rise in the intraventricular pressure. In one experi- 
ment the former occurred 0.05 second before the latter, in four at the same 
time, in the remainder from 0.01 to 0.05 second after. These differences 
we regard as within the limits of our error of measurement, and particularly 
of judging the exact moment of the beginning of the pressure rise 

The exact relation of the conductivity changes to the later dynamic 
events of systole is not entirely clear. We were particularly interested to 
note whether there was any correlation between the height of the pressure 
curve and the maximum change in conductivity. It is, of course, evident 
that in a general way increase in permeability is associated with systole, 
decrease with diastole and diastasis. But the peak of pressure did not 
coincide with the greatest conductivity change. In our earlier experiments 
the latter somewhat preceded the former. In our later ones, however, 
while this sometimes occurred, generally the maximum sound change oc- 
curred after the greatest rise in pressure. In interpreting this, we are 
confronted at once by a difficulty. As Wiggers (1925) has shown, the end 
of systole occurs after the peak of the pressure curve in mammalian hearts 
and bears no constant relation to it. Frank (1895) has made a similar 
observation in the frog’s heart. Moreover, another important function 
of the heart, namely, its absolute refractory phase, which like the conductiv- 
ity changes is also associated with systole, actually ends, as Wiggers has 
shown in the dog heart (loc. cit.) some time before the end of systole, and at 


a varying interval after the greatest rise in intraventricular pressure. We 


might expect, on purely theoretical grounds, that the refractory phase 
should bear a demonstrable relationship to changes in permeability. 
Unfortunately, the time relations between the peak of pressure and the 
absolute refractory phase in the tortoise heart have never been worked 
out. The actual significance of the summit of intraventricular pressure, 
in terms of the physico-chemical changes in the cardiac musculature, re- 
main, therefore, obscure, and we prefer simply to state our findings without 
indulging in questionable speculation. 

As to the relation of the conductivity changes to the end of diastole, the 
situation is clearer. During diastole there is a gradual increase in the elec- 
trical resistance of the heart. But this is not usually completed at the end 
of the relaxation period. During diastasis, when the heart is absolutely 
quiescent mechanically, the changes in conductivity continue for an 
appreciable interval. This is especially noticeable in those hearts in which 
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ers to the height of the pressure line in millimeters. 


ntact of the bridge is vo the right of the zero for diastasis 


TIME 
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the beat was sufficiently slow to permit a relatively long period of diastasis 
(see curves Nos. 5 and 6). In practically all cases there is a continuing 
decrease in the permeability of the heart, which sometimes does not reach 
the base line until the onset of the next contraction. The apparent second- 
ary rise in conductivity occurring in late diastasis and receding before the 
beginning of the next beat, which we observed in our preliminary observa- 
tions, was present only inconstantly in our later experiments. It was 
always slight, and practically unmeasurable. We have, therefore, con- 
sidered it advisable to disregard it, as we are unable to rule out to our 
satisfaction the possibility of artefact. 

It should be stated, in passing, that the character of the conductivity 
changes was the same whether the stopcocks were turned (making the con- 
traction isometric) during systole or during diastole. 

II. Controls. In the discussion of technique, we have stated our method 
of making the contraction isometric. The only change in the volume of 
the ventricular cavity, upon closing the stopeocks, was the infinitesimal 
one associated with the movement of the rubber membrane by which we 
recorded pressure changes. It is clear that changes in the volume of the 
heart —hence changes in the thickness of the ventricular wall—might pro- 
duce changes in the electrical conductivity. We record (fig. 4, /) the effect 
of artificially changing the volume of the heart by alternately raising and 
lowering a reservoir of saline connected with the ventricle. In the photo- 
graph the lower line indicates the changes in pressure that resulted from 
this method of changing the volume. With the augmentation in volume 
(denoted by the upstroke in the pressure curve) there is an increase in 
conductivity, due to thinning of the ventricular wall; with a diminution in 
volume there is a decrease in conductivity. Even if the contraction, in 
our experiments, had not been completely isometric, we would expect the 
error to be in the opposite direction to the results which we actually 
obtained, for the thickening of the wall associated with systole would have 
tended to cause a decrease in the electrical conductivity. 

In making the observations on the isometric contraction, it was observed 
that there was frequently a certain amount of “‘twisting”’ of the ventricle. 
This twisting was sometimes obvious, sometimes barely visible. It re- 
mained, however, as a possibility of artefact. We therefore twisted the 
heart to a degree far more violent than any twisting observed in our nor- 
mally beating hearts, by manipulating the cannulae inserted into the ven- 
tricle. It will be seen in figure 4, 2, that this treatment did not cause 
appreciable changes in the sound. In the record shown two normal beats 


supervened, and were accompanied by the usual conductivity changes. 
This artificial twisting also ruled out another possible artefact, namely, the 
movement of fluid between the electrodes. 


ELECTRICAL CONDUCTIVITY 


While the alternating current that we used mat 
stimulating effect on the heart, it Was present equa 
diae cycle, and hence could not have been the cau 
have discussed. It was possible, however, that 
heart might have produced the unbalance of the Whe 
we recorded as sound changes and interpreted as ¢} 
resistance of the heart. We therefore shut off our 
rent, and recorded the effect of the heart) current 
variation in the width of the sound record was demons 


source of error could be ruled out We are, therefore 


k:ffeet on sound width of artificia 
t on sound width of twisting the ventri 
3. effect on sound width of shutting off 
4. Isotonic contractions (lower line 


pressure 


ing the observed phenomena as being due to the physico-che mical chang 
peculiar to the contraction itself, resulting in variations i hye 
itv of the muscle. 

ITT. The magnitude of the conductivity changes. We have 
cussed our method of determining the directional character of th 
tions in conductivity. It is one of the limitations of the method 1 
order to make quantitative estimations of the extent of the obse 


s1des ol 


ences, we are obliged to compare at least two beats on different 


“zero point” on the slide wire. Unfortunately for such estimation 


two beats are quite alike, nor does the condition of the he: 
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tasis remain the same. Hence the resistance of the heart at any point in a 
particular beat is difficult to determine with exactitude. It may be stated, 
however, that the difference between the minimum and maximum sound 
within a single beat represented a change of about 10 per cent of the total 
resistance of the heart. 

IV. The isotonic contraction. The results which we obtained, as will 
be seen from the control observations, derived their significance from the 
fact that the observations were taken under isometric conditions. It has 
been noted in discussion of the control curve (fig. 4, 7) that as the veniricu- 
lar wall becomes thinner, the electrical resistance of the heart diminishes 
as would be expected. This introduces an unknown variable into the 
conductivity changes observed during an isotonic contraction. We never- 
theless made routine observations of the changes in the isotonic contraction 
in the course of our experiments. While in some of these observations 
there was evidence of an increase of conductivity during systole, in many 
others there was a decrease. This is not remarkable in view of the fact 
that the decrease in resistance due to the physico-chemical changes assc- 
ciated with the act of contraction per se was opposed by an augmentation 
of resistance due to the thickening of the wall as the volume decreased 
The actual observed change would be a resultant of these factors; the direc- 
tion of the change depending upon which of the two predominated. In 
figure 3, 4 and 5, we show the record of such a contraction on both sides of 
the ‘‘zero point.”’ In this particular experiment, there was a slight transi- 
ent increase in permeability after onset of contraction. ‘This is almost at 
once, however, succeeded by an abrupt decrease, followed in turn, during 
diastole, by a return to the initial state in apparently two distinet stages 
The greatest thickening of that portion of the wall through which most ot 
the current passed (it must be remembered that because of the diameter of 
the intraventricular cannula this was a comparatively small ares 
apparently occurred after the greatest rise in intraventricular pressure 


SUMMARY 


1. A method is described for continuously recording changes in electrical 
conductivity. 

2. It is found that associated with the systole of the tortoise ventricle 
beating isometrically, there is an increase in the permeability. 

3. This increase commences at the same time (within the limits of erro 
of measurement) as the beginning of the rise in intraventricular pressure. 

4. The maximum increase in conductivity bears a variable relation to 


the peak of intraventricular pressure, occurring usually somewhat later, 


but occasionally shortly before the latter. 
5. During diastole the conductivity decreases. This change continues 
in diastasis, when the heart is mechanically quiescent 
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6. The greatest change in conductivity during a single beat 
mately 10 per cent of the total resistance of the ventricle 

7. Observations on the isotonic contraction are complicated by 4 
changes involving variations in the thickness of the ventricular wall 
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The literature of carbon monoxide, voluminous as it is, supplies very 
little information on the effects of this gas upon metabolism, especially 
when inhaled in low concentrations with the air. As discovered by Claude 
Bernard in 1857 (1), carbon monoxide possesses the property of forming a 
definite compound with the hemoglobin in the blood stream and in this 
way blocking the passage of oxygen to the cells. As shown by Haldane in 
1895 (2) and by Nicloux (3) and others later, the reaction between carbon 
monoxide and hemoglobin is reversible and subject to the law of mass 
action. Hence in the absence of free carbon monoxide, the hemoglobin 
compound decomposes, permitting the blood to free itself of the gas and 
regain its oxygen carrying capacity. Aside from these reactions, Haldane 
(2), Haggard (4) and others have shown carbon monoxide to be physiologi- 
cally an inert gas without toxic effects upon the tissues. These facts sug- 
gest the conclusion that so-called carbon monoxide poisoning is in reality 
an anoxemia within the cells which in turn interferes with cell metabolism, 
though experimental evidence supporting this latter view is lacking, as 
stated above. 

The purpose of this research was to test the validity of the second part 
of this conclusion. The specific problem attacked was that of determining 
what effects upon the rate of an animal’s metabolism might result from the 
breathing of carbon monoxide in controlled concentrations in air. 

Experimental conditions. The animals used in the research were chiefly 
white rats. Canary birds were used to some extent, but mainly to con- 
firm results obtained with the rats. Both the rats and the birds were kept 
on a uniform diet during the progress of the experiments—the birds upon 
a mixture of hemp and rape seeds and the rats upon a balanced diet pre- 
pared according to McCollum’s formula no. 211 (wheat 67.5, casein 15.0, 
whole milk powder 10.0, NaCl 1.0, CaCO; 1.5, and butter fat 5.0 per cent 
respectively). During the time of taking the metabolism the animals 
were kept as nearly as possible in the same degree of activity. Efforts 
were also made to habituate them to the processes involved so that the 
element of fright might be eliminated. 
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EFFECTS 


s of the type shown In 


In exposing the animals to carbon monoxide, ja 


liters Ihe 


figure 1 were used, these having a capacity of 7.4 

was to supply an atmosphere in all respects normal, except for the carbor 
monoxide, but to offset possible defects in the arrangement 
completely changed at periods of from one to three hours. 1 
some circulation within the jars and also to prevent a rise of ten 
from the animal’s heat, cloths wet with cold water were kept on t 
ends. When this alone was not sufficient to keep down the temperatur¢ 
a current of air from an electric fan was directed upon the wet cloth 
%o00m temperature was maintained within the jars as well as in the small 
chambers, referred to later, in which the animals were placed for deter- 
mining their metabolic rates. 

Technic of carbon monoxide administration. The procedure in exposing 
the animal to a definite carbon monoxide concentration was first to place 
it in the jar described above and tightly close the stopper. A 100 cc. syr- 
inge was then connected with the entrance tube (3, fig. 1) after which the 
charge of carbon monoxide was introduced through the side of this tube 
by means of a hypodermic needle and syringe. From here the gas was 
forced into the jar with the 100 cc. syringe which was then filled from and 
emptied into the jar several times to insure rapid mixing. After this, 
connection was made with an oxygen bag as indicated in figure 1. 

The carbon monoxide used in the experiments was generated by the 
action of concentrated sulphuric acid on sodium formate and stored under 
pressure in gas collecting bottles. For filling the small syringe preparatory 
to placing a charge of carbon monoxide in the exposing chamber, a rubber 
tube from the storage bottle was connected with a pointed glass tube ter- 
minating in an open vessel under water. The syringe was filled by punc- 
turing this tube with the hypodermic needle. To prevent escape of gas 
in transferring the charge to the exposing chamber, the needle was kept 
pointing downward, the body of the syringe protected from the heat of the 
hand, and the piston kept lubricated. The purity of the gas was deter- 
mined by the Haldane air analysis apparatus (3). This determination was 
made as soon as the gas was generated and thereafter whenever there was 
any doubt as to its condition. 

Determination of the metabolic rate. ‘The method of carbon dioxide pro- 
duction was used for this purpose. This required for animals as small as 
birds and rats, an accurate method of determining the amount of carbon 
dioxide produced and such an arrangement of the apparatus that the time 
of collecting the carbon dioxide could be accurately measured. This 
method also required an efficient agent for removing moisture from the air 
before the carbon dioxide was absorbed and also for taking up any moisture 
that might result from the union of the carbon dioxide with its absorbent. 
With our present knowledge of apparatus and chemicals for making 
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carbon dioxide and moisture determinations, the securing of suitable tubes 
for this purpose would seem a very simple matter. In actual practice much 
difficulty was encountered. Cumbrous U-tubes were not adapted to 
small balances and the standard moisture absorbents, such as calcuim 


wa 
@ law 


Fig. 1 Fig 


Fig. 1. Apparatus for exposing small animals to different concentrations of carbon 
monoxide in air. 

A. Large jar mounted on wooden support in which the animal is placed. This 
has a tier of wire cartridges at the back, 7, which are filled with bags of moist soda 
lime for absorbing carbon dioxide, a thermometer, 2, which is read through the glass 
from the outside, and a bent tube, 3, for the introduction of carbon monoxide and 
oxygen, at different times, from the outside 

B. A water valve which is on the line to an oxygen bag not shown in the illustra- 
tion. As the carbon dioxide is absorbed by the soda lime, oxygen is drawn from the 
bag to replace that which is consumed by the animal 

C. Syringe for forcing in the charge of carbon monoxide (introduced at the arrow 
nearest the jar) and for mixing it with the contained air. This is connected only 
during the time of putting in the carbon monoxide, replacing B 

D. Wet cloth upon which an electric fan plays as explained in the text 


Fig. 2. Special absorption tube designed for this investigation 

In principle this is a modified U-tube. It is adapted to the use of two kinds of 
solid absorbents at the same time but, like the regular U-tube, can have the same 
absorbent on both sides. For small animal determinations, the inside diameters 
should be one inch and the length about 4.5 inches. The cork stoppers, made flush 
with the glass at the edges, are raised at the center and grooved to receive the small 
copper wires by which the tube is suspended. The apparatus is not fragile as might 
be supposed 

On the left is shown three of these tubes in series as used in this investigation. 
Both arms of tube / are filled with pumice granules (8 to 12 mesh) covered with 
phosphorus pentoxide powder. This tube takes up moisture only. Tube 2 has soda 
lime in the right arm and pumice and phosphorus pentoxide powder in the left and 
absorbs both carbon dioxide and moisture. Tube 3 is a duplicate of tube 2 and is 
used as a check on its efficiency. After filling, the stoppers are sealed with paraffine. 


chloride and concentrated sulphuric acid, were not satisfactory. Soda 
lime for taking up the carbon dioxide also gave trouble, that supplied by 
one manufacturer being too dry for the purpose and that supplied by 
another being too moist. The problem was finally solved by the invention 


Dr 
A 
“ 


EFFECTS OF CARBON MONOXIDE ON 


of the special absorption tube shown in figure 2, the discovery 
method of using phosphorus pentoxide powder as a moisture 
covering pumice granules with the powder by shaking in a ¢ 
and the finding of the right proportions in which to mix the « 
with the moist soda lime, for the best results in taking up 
dioxide. 

These absorption tubes proved to be all that had been hoped fo: 
They were adapted to quick and accurate weighing, were easily 
and lasted well when filled, and in the absorption of carbon dioxide 
moisture from air passed rapidly through them (one to two liters per 
ute), were almost 100 per cent efficient. In addition to this, the 
to which they were exhausted could be easily noted. Pumice covered wit 
phosphorus pentoxide powder is white, but when saturated with moisture 
the mixture becomes gray and looks wet. This change shows at a glance 
how nearly the pentoxide is spent. Exhaustion of the soda lime in tube 
is shown by an increase in weight of tube 3 (fig. 2), provided the pentoxide 
in tube 2 is not exhausted. After some experimenting, the plan was adopted 
of renewing the contents of the right arm of tube / as soon as the moisture 
had reached the bottom and of changing the soda lime in tube 2 when tube 3 
began to increase in weight and the moisture was still below the middle of 
the left arm in tube 2. 

In determining the rate of metabolism from the amount of carbon dioxide 
produced, the animal was placed in a small, tightly closed chamber through 
which air was drawn by the laboratory vacuum system, this being con- 
nected with a meter and pressure gauge by which the rate of flow was 
measured. Before entering the chamber the air was deprived of all of its 
sarbon dioxide by passing through a tower of soda lime. From the cham- 
ber the air tube was divided, one branch connecting directly with the 
meter and the other passing to the absorption tubes described above and 
then through the meter into the vacuum system, the flow either way 
being controlled by cocks. 

On putting the animal into the metabolism chamber, the air was all 


passed directly through the meter into the vacuum system, but the instant 


the determination was to begin, the air from the chamber was thrown 
through the absorption tubes. No further adjustment was then made 
until the time for the determination had expired (5 to 20 minutes depend- 
ing on the size of the animal) when the air was quickly turned in the other 
direction. 

The carmine test for carbon monoxide. For making determinations of car- 
bon monoxide in air and in blood, Haldane’s standard carmine method was 
chiefly used. This is adapted to laboratory procedure, is fairly accurate 
and delicate, and can be used for testing both air and blood. It was found, 
however, that to give consistent results, the method had to be very care- 


144 F. M. WALTERS 


fully carried out. As explained by Haldane in his small book on Air Analy- 
sts and later in his work on Respiration (5), the blood solution must be 
accurately prepared, the carmine solution definitely standardized, and the 
carbon monoxide blood protected from strong light. In preparing the 
blood solution for testing carbon monoxide in air, the plan was followed of 
first making a hemoglobinometer test. The blood and water were then 
proportioned to give the desired percentage of hemoglobin. For example, 
if the sample of blood showed 85 per cent by the hemoglobinometer test, 
the volume of blood taken was a or 0.59 per cent, of the volume of the 
water used. 

To guard against the dissociating effect of strong light, the top of the 
table on which the tests were made was enclosed on three sides with beaver 
board painted black, and for matching colors a 75 Watt daylight Madza 
lamp was placed in a ten inch square metal box having frosted glass on one 
side. A jar of water between the lamp and the glass absorbed most of the 
heat and a small adjustable curtain of white cloth protected the eyes of the 
observer. This supplied a light of uniform intensity which was equal to 
sunlight in giving color contrasts and was ready for use at any time. The 
convenient pyrotannic acid method of Sayers, Yant and Jones (6) was 
used to some extent in verifying the tests made by the carmine method. 

Preliminary determinations. Before starting the experiments with the 
carbon monoxide, a series of metabolic tests was made to see what the 
normal range of rats and birds was under different conditions and to deter- 
mine in particular the effects upon metabolism of confinemerit for different 
periods in the exposing chamber (fig. 1). The rates shown in tables 1 and 2 
are typical of the results obtained. 

The most important conclusion reached from these experiments was 
that the rate of metabolism was greatly increased by activity. The rate 
was slightly increased from the taking of food, but confinement for three 
hours in the exposing chamber had little or no effect. The rates in italics 
were determined when the rat was asleep. They show the effect of dimin- 
ished activity and bring out the fact that during sleep, as well as in the 
waking period, the rate of metabolism is fluctuating. 

The cautious administration of carbon monoxide was now begun, start- 
ing with concentrations of 0.01 per cent and trying successive mixtures 
with air up to 0.05 per cent. No significant change in the rate of metab- 
olism of the bird was observed, but with the rat a decided fall in the rate 
was obtained with 0.05 per cent. This is shown in table 3. 

Not only are the metabolic rates at the close of the last two periods 
with 0.05 per cent abnormally low for an animal awake, as in this case, 
but they are lower than the sleeping metabolisms shown in table 2 for the 
same rat. Distinct symptoms of carbon monoxide poisoning were also 
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shown, the rat being very weak and sluggish. A drop of blood obtained by 
clipping the tail showed, when diluted, a distinct carmine tint. 
It was hoped, however, that effects upon the rate of metabolism would 


appear with concentrations of carbon monoxide below 0.05 per cent. Since 


TABLE 1 


Metabolism of bird 1 (cc. of carbon dioxide per gram per minute) after definite periods 


of confinement in the exposing chamber 


R 


CLOSE SECON 


AT CLOSE FIRST HOUR DHO 


0.0676 0.0659 0 0676 
0.0653 0 0680 0 0504 
February 1... 0.0727 0.0711 0.0700 
February 3... 0.0628 0.0700 0 0640 

0.0681 0.0720 0 0670 


February 5... 
0.0673 0 0694 0 0638 


TABLE 2 


Metabolism of rat 1 after definite periods of confinement in the exposing chamber 


CLOSE THIRD HOUR 


DATE AT CLOSE FIRST HOUR CLOSE SECOND HOUR 


January 28........ 0 0261 0 0258 0 0237 


January 30........ 0.0263 0.0339 0.0142 
February 2... 0.0264 0.0263 0.0229 
February 4... 0.0273 0.0184 0 0277 

0.0304 0.0205 0.0176 


February 6... 


0.0273 0.0244 


Average....... 


0.0266 


TABLE 3 
Metabolism of ral 1 after definite periods of confinement with varying percentages of 
carbon monozide in air 


AT CLOSE FIRST CLOSE SECOND CLOSE THIRD PER CENT OF CO 


—_ HOUR HOUR HOUR USED 
February 9..... 0.0307 0.0270 0.0259 0.01 
February 11. 0.0241 0.0188 0.0178 0.02 
February 16. 0.0298 0.0283 0.0214 0.03 
February 20...... 0.0285 0.0256 0.0207 0.04 

0.0255 0.0131 0.0129 0.05 


February 


using the same animal for all the tests with carbon monoxide gave oppor- 
tunity for acclimatization, it was decided to repeat the tests for the con- 
centrations above 0.02 per cent, using a fresh rat each time and also mak- 
ing control experiments. Not only was there failure to find evidence of 
effects below 0.05 per cent, but the results were such as to throw doubt 


I 
l 
DATE SE THIRD HOUR 
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upon the previous results for 0.05 per cent. To make sure that a positive 
effect upon metabolism would eventually be obtained, two rats were ex- 
posed for three hours each to 0.08 and 0.10 per cent respectively. Their 
metabolic rates taken at the beginning of the experiment and then at the 
close of each hour period, were as follows: 


a. 


Metabolic rate of rat 9 with 0.08 per cent of carbon monoxide 


BEFORE ADMINISTERING 
THE CO) 


AT CLOSE FIRST HOt 
PERIOD 


R CLOSE SECOND HOUR 


PERIOD 


CLOSE THIRD HOUR 
PERIOD 


0.0197 0.0127 0.0122 0.0122 


b. Metabolic rate of rat 8 with 0.10 per cent of carbon monoxide 


BEFORE ADMINISTERING AT CLOSE FIRST HOUR CLOSE SECOND HOUR CLOSE THIRD HOUR 
THE CO PERIOD PERIOD PERIOD 
0.0149 0.0115 0.0112 0 0092 


There was now no longer any doubt as to the depressing effect of carbon 
monoxide upon the rate of the animal’s metabolism when a sufficient 
amount of it was breathed. It only remained to determine at what con- 
centration the depression began and to relate this, if possible, with the 
accumulation of carbon monoxide in the blood. 

Fall in body temperature an index to depressed metabolic rate. The last 
two determinations, in addition to supplying positive proof of the depres- 
sing effect of carbon monoxide upon the animal’s metabolism, also sug- 
gested an additional index to the degree of the depression—that of a fall 
in body temperature. Both rats at the close of their exposures were cold 
to the touch, the tails and ears especially so. While their temperatures 
could not be taken at the time, it was decided to make temperature tests a 
part of the routine procedure for the future. Rectal temperatures were 
accordingly taken of several rats to get their normal range and to see how 
the bulb should be inserted to get true readings. Their temperatures 
ranged from 100 to 101.8°F. Later in testing the effects of carbon monox- 
ide when the temperatures were too low for the clinical thermometer which 
did not register below 92°F., the ordinary chemical thermometer was used 
and the Centigrade readings converted to Fahrenheit readings. In obtain- 
ing the temperatures which follow, care was taken to first remove any feces 
that had collected in the rectum, to insert the thermometer bulb at least 
1.5 inches, and to expose the ‘“‘minute”’ instrument for a minute and a half. 


Effects of high concentrations. A series of experiments was now made to 
determine how far the rate of metabolism could be depressed and the tem- 
perature lowered without seriously injuring the animal. Beginning with a 
concentration of 0.08 per cent, this was increased on successive days, the 
amount administered being determined by the reactions at the lower con- 
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centrations. Fresh rats were used in each case, the subject being killed 


at the close of the experiment in order to get blood for testing the degree « 
saturation. (Both the carmine and the pyrotannic acid tests were 1 0 


The results of these experiments are shown in table 4 


None of the rats died as a result of the carbon monoxide exposure. In 


fact the experiment could have been earried considerably 


was without causing death, as the stage of coma was in no instance rea 


Both in the above experiments and in those that follow, marked individual 


differences were manifest. The healthy and vigorous rats were much more 


Effects upon the metabolic rate and the body emperature jron g once 


TIME 
EXPOSED 


5 hours 0.08 0.0322 0.0!29 60 93 .2°] 


3 3.0 0.10 0.0238 0.0181 24 97.3 25 
16 1 0 0.10 0.0246 0.0127 48 94 3 16) 
14 3.5 0.15 0 0225 0.0124 44 94 3 1} 
15 3.5 0.20 0.0218 0 OOS7T 60 S7 OS 55 


0212 0.0073 


rABLI 


Effects of repeated expo ures to carbon monoxide in concentrations ranging f 


0.08 per cent for five successive day 


RAT AFTER 2 HOURS | RAT 20 AFTER 21 RS | RAT 2] AFT! RS 
EXPOSURE EXPOSURE 
TO 0.08 PER CENT TO 0.05 PER 0 


Metabo- | Body tem- 
‘perature 


98 .2°F., 0.0246 98 


First exposure. 0.0224 95.0°F.) 0.020: 


After5days of exposures 0 0283 97.7 0.025: 0 0253 99 6 


tolerant of the gas than were the rats whose physical condition was in some 


respects below normal. 
The principle of compensation. That a process of compensation takes 


place when an animal is exposed for some time to non-lethal concentrations 


of carbon monoxide was proved in the case of rats, as follows: Three rats 


were first exposed for two hours to 0.08 per cent of carbon monoxide after 
which their metabolic rates and temperatures were taken. They were then 


exposed six hours per day for five successive days to atmospheres ranging 


from 0.06 to 0.08 per cent carbon monoxide. On the day following the last 


exposure of the series, they were again exposed for two hours to a concentra- 


P 
TABLE 4 
ca on mono le nd long expt ire 
PE ENT METAI SM META ISM PE TEMPE 
or CO AT START AT CLOSE OF FA 
18 
17 1.5 0.25 0 69 82.4 66 
| | | “lism” | ‘perature 
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tion of 0.08 per cent and their metabolic rates and temperatures taken. 
The results are shown in table 5. 
These results show the general trend of effects and are in accord with the 
findings of Nasmith and Graham for guinea pigs (7). Each rat showed a 
greater tolerance for carbon monoxide after the five days of exposures. 
Effects of long exposures with low concentrations. A series of long ex- 
posures was now begun with the low concentrations with which there had 
previously been repeated failure to get positive results—those from 0.01 
to 0.04 per cent. The rats after having their metabolic rates taken were 
placed in the exposing chambers and kept with the desired percentage of 
carbon monoxide for three hours. The air was then completely changed 
and the carbon monoxide renewed, after which they were again exposed 
for three hours. They were then removed and their metabolic rates and 
temperatures taken. The aim was to give plenty of time for the blood to 
become saturated to the fullest extent possible for the concentration used. 


TABLE 6 
Effect on metabolic rate and body temperature from 6 hours’ exposure to 0.02 per cent of 
carbon monoxide in air 


| 
RAT USED METABOLISM AT | METABOLISM AT | BODY TEMPERA~ | 


BEGINNING CLOSE 
25 (subject) 0.0262 0.0220 98.5°F, | Positive 
26 (subject) 0.0244 0.0281 | 101.8 Negative 
29 (subject) 0.0304 0.0207 96.6 Positive 
36 (subject) 0.0296 0.0247 99.6 Doubtful 
37 (subject) 0.0212 0.0237 99.5 Negative 
38 (subject) | 0.0270 0.022: 96.0 Positive 


31 (control) 0.0253 0.0272 


Positive results were obtained in individual cases for 0.04, 0.03 and 0.02 
percent. The results for 0.02 per cent are shown in table 6. Only negative 
results were obtained with the four rats exposed to a concentration of 0.01 
per cent as above. 

Correlation of the depression in metabolic rate with the symptom of carbon 
monoxide poisoning. In all of these experiments the depression in the 
rate of metabolism and fall in body temperature corresponded with the 
degree to which symptoms of carbon monoxide poisoning (chiefly weakness 
and unsteadiness) were manifested. The more pronounced the symptoms 
the greater the depression in the rate and the greater the fall in tempera- 
ture. This suggested a correlation between the symptoms and the de- 
pression of the metabolic rate. Henderson and Haggard have shown (8) 
that marked and rather severe symptoms occur in human beings when 
the blood reaches a saturation of from 27 to 35 per cent and the Bureau of 
Mines, continuing these investigations (9), has shown that mild subjective 


= 101.8 
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symptoms result from six hour exposures to 0.02 per cent, this causing a 
blood saturation of from 16 to 20 per cent. With all of these satura- 
tions a fall in the rate of metabolism was obtained with the rats. 


CONCLUSIONS 


1. Carbon monoxide depresses the rate of metabolism, the 
depression varying directly with the degree of saturation. 

2. There is a lowering of body temperature that corresponds closely 
with the slowing of the metabolic rate. 

3. The breathing of carbon monoxide concentrations of from 0.02 to 


0.05 per cent for short periods (1 to 2 hours) has little if any effect upon the 


rate of metabolism of the rat, but for long periods (4 to 6 hours) it depresses 
the rate in individual cases. 

4. Concentrations above 0.05 per cent have marked effects in depressing 
the rate even for short periods of exposure. 

5. There is a correlation between the fall in the metabolic rate and the 
symptoms of carbon monoxide poisoning. 
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In a paper dealing with the effects of extirpation of the embryonic ear 
on equilibrium in Amblystoma, Greene and Laurens (1923) reported 
observations indicating that although each labyrinth influences the eye- 
ball rotations of both eyes and when one is removed there is still binocular 
movement, there is evidence that the influence of the remaining laby- 
rinth is greater on one eye than on the other. The evidence is the fact 
that in some cases when the direction of rotation was to the operated side 
the eye deviation was slighter than when it was toward the normal side, 
and that the most pronounced post-rotatory effect was observed when the 
rotation had been toward the operated side. It was further found, when 
the influence of moving retinal images was excluded by surrounding the 
animal during rotation by an opaque cylinder, that when the direction of 
rotation was toward the operated side the compensatory rotatory reaction 
was slight or absent, while the post-rotatory was marked; and that when 
the direction of rotation was toward the normal side, the rotatory reaction 
was large, though not as great as when the opaque wall was not present, 
and the post-rotatory slight or absent. Although the influence of the 
retina was thus demonstrated the movements of the eyes seemed to be 


chiefly controlled by the labyrinths, and it was only in some instances 


when the animal was surrounded by an opaque cylinder that the rotatory 
movements diminished or disappeared while the post-rotatory increased. 
Ever since the demonstration of these facts in Amblystoma, one of us 
(H. L.) has wished to see whether anything of the sort could be demon- 
strated in a mammal and the work here reported on was started in the 
fall of 1922. 


' The results here reported are taken from the essay presented by Dr. A. L. Miles 
to the Faculty of the Graduate School of Yale University in candidacy for the Degree 
of Master of Science in June, 1924. Their publication has been delayed for various 
reasons, chiefly in the hope that the observations on the animal with head held 
vertically might be extended. The possibility of doing this being remote, it has been 
decided to delay no longer the publication of the results already obtained. 
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Pilz (1926) has recently shown that there is a reciprocal relation between 
rotatory nystagmus in one direction of rotation and post-rotatory nystag- 
mus in the other in the majority of normal rabbits, as well as in those with 
unilateral cerebral or labyrinth injury. Following the destruction of one 
labyrinth rotatory nystagmus was less upon rotation toward the injured 
side than upon rotation toward the intact side while post-rotatory 
nystagmus was greater following rotation to the injured side than to the 
intact side. 

Schiff (1891) reported that in the frog and the dog there is no reaction 
upon rotation toward the injured side. Ewald (1892), however, found 
in the frog that rotatory and post-rotatory reactions occur during and 
after rotation in both directions, but much weakened, especially during 
rotation to the operated side and after rotation toward the sound side. 
Trendelenburg and Kiihn (1908) observed a differential influence follow- 
ing unilateral labyrinthectomy in a lizard and in a mud turtle. When 
rotated toward the side with the lesion, the eyes being open, both rotatory 
and post-rotatory compensatory movements occurred. Bartels’ (1910 
results indicate that the destruction of one labyrinth markedly diminishes 
rotatory nystagmus during rotation toward the injured side and post- 
rotatory nystagmus following rotation toward the intact side. Prince 
(1917) noted in unilaterally labyrinthectomized young cats, tied to a 
turn table with the vertex up, that the deviation of the eyes was intensified 
upon cessation of rotation when this had been toward the side of the 


lesion, but entirely disappeared when the direction of rotation had been 


toward the intact side. De Barenne and deKleijn (1923) state that with 
right labyrinthectomy a greater post-rotatory nystagmus is obtained 
after rotation to the right than after rotation to the left. However, in 
many normal rabbits there is a slight difference in post-rotatory nystag- 
mus following rotation to the two sides. Masuda (1922) reports similar 
findings in guinea pigs. Detlefsen (1925) found in rats with one injured 
labyrinth that post-rotatory nystagmus following rotation toward the 
injured side is greater than that following rotation toward the sound side. 

The evidence that the retina had anything to do with rotatory and 
post-rotatory compensatory reactions was first clearly set forth by Loeb, 
who separated the compensatory motions of eyes and head caused by the 
orienting effect of moving retinal images from those caused by the orient- 
ing effect of centrifugal force. He showed that when a lizard, Phyrono- 
soma, is rotated very slowly with its eyes closed only very slight compen- 
satory motions of the head and body are observed during rotation, while 
very powerful compensatory motions are produced when the motion of 
the turn table is suddenly interrupted. With the eyes open the reverse 
is obtained, the compensatory motions during rotation being vigorous 
while the post-rotatory are slight. When the eyes are closed there is only 
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the geotropic effect of passive rotation; when the eyes are open the orient- 

ing influence of moving retinal images is added algebraically to the orient- 
ing effect of centrifugal force. These two influences act in the same sense 
during the rotation and therefore are additive, while after rotation they 
act in the opposite sense to each other. 

This observation has been found to hold in a number of forms, both 
normal and with one ear removed. Trendelenburg and Kiihn (1908) 
found in unilaterally labyrinthectomized lizards and turtles that rotation 
to the injured side with the eyes closed produced no compensatory but 
marked post-rotatory movement, and rotation to the sound side rotatory 
compensatory movement but no post-rotatory. Maxwell and Pilz (1924) 
showed that retinal modification of labyrinthine excitation occurs in the 
rabbit, as exemplified in the greater reduction in rotatory nystagmus in 
light than in darkness following repeated rotation. Pilz (1926) also 
demonstrated that labyrinthine post-rotatory nystagmus can be modified 
by retinal stimulation. Taking alternate records of unhooded and hooded 
animals he found that in the majority of cases there was less rotatory and 
more post-rotatory nystagmus when the eyes were covered than when 
they were not. When similar observations were made on unilaterally 
labyrinthectomized animals it was found that both rotatory and post- 
rotatory nystagmus still occurred from which he concluded that the resid- 
ual rotatory nystagmus occurring after rotation toward the injured side 
and the post-rotatory nystagmus toward the opposite side are not optical 
in character. Greene and Laurens’ results were given above. 

The rotation apparatus was a round table fastened securely to the drum 
of a Kershaw kymograph. The power was transmitted by a belt 
from a small motor and the speed of rotation was controlled by using 
different sized pulleys on the driving shaft of the kymograph, and by 
throwing in or out resistance. The direction of rotation was changed by 
crossing the belt. In certain cases the rotation was done by hand. 

RESULTS ON THE FROG. Compensatory reactions of normal frogs. A 
few preliminary tests were made on normal frogs. Unless the speed is 
low the eye movements are obscured by the vigorous head movements. 
The difference between the results of rotation when moving retinal images 
play a part and when their action is excluded are easily demonstrated. 
With moving retinal images the compensatory movements during rotation 
are numerous and vigorous, while the post-rotatory are comparatively 
few and weak. The rate of rotatory nystagmus was about 5 in 10 seconds 
for a speed of rotation of one complete revolution in 10 seconds. After 
two or three trials the frog becomes fatigued so that only a few observations 
can be made on an individual at any one time. When the influence of 
moving retinal images is excluded by surrounding the frog by an opaque 

jar rotatory nystagmus is less frequent and weak, while post-rotatory 
nystagmus is marked and vigorous. 
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Compensatory reactions of labyrinthectomized frogs. After the reactions 
of a number of normal frogs had been observed the labyrinth on one or 
both sides was destroyed. When bilaterally operated animals are rotated 
so that the visual field moves, both rotatory and post-rotatory nystagmus 
are observed, when the visual field is stationary neither can be elicited. 
When unilaterally labyrinthectomized frogs are rotated, rotatory nystag- 
mus is obtained upon rotation in either direction, but the post-rotatory 
reaction is difficult to demonstrate. The possibility arose that rotatory 
nystagmus might in some cases be due to the stimulation caused by 
moving retinal images. Their action was therefore excluded, and it was 
found, in the large majority of cases, that when the direction of rotation 
is to the side from which the labyrinth has been removed no rotatory 
nystagmus is observable. Only occasionally were one or two quick 
movements of the eye seen. But following rotation to the injured side 
post-rotatory nystagmus is especially marked and vigorous, four to five 
movements being the average. Furthermore, when the animal is rotated 
toward the normal side, strong rotatory, but no or little post-rotatory, 
nystagmus is obtained. For further proof of this differential action the 
optic nerves were cut in a frog, after which the right labyrinth was removed. 
When this frog was rotated toward the normal side rotatory, but no post- 
rotatory, nystagmus occurred; and when rotated toward the injured side 
post-rotatory nystagmus only. 

Decerebrate frogs react like normals to rotation and decerebrate frogs 
with one labyrinth injured give the reaction typical of unilaterally laby- 
rinthectomized frogs. 

RESULTS ON THE RABBIT. The rabbit was placed in a box fastened to a 
board on the rotation table. One side of the box was movable, so that 
its width could be varied to accord with the size of the rabbit. Cloths 
and cotton wool packed around the animal held it securely and comfort- 
ably. The rabbits were observed during and after rotation with the head 
free to move, and with it held securely horizontally as well as vertically 
with the occiput up and down respectively. Only the first two sets of 
results will be considered. 

Compensatory reactions of wnilaterally labyrinthectomized rabbits to 
rotation. Having obtained a clear conception of the compensatory eye 
movements of normal rabbits to rotation, the study of the effects of 
unilateral labyrinthectomy was taken up. The operation for destruction 
of the labyrinth was in all essentials that of Magnus and deKleijn (1913), 
and need not be described. The reactions of the animal leave no doubt 
as to whether the operation has been a success, and the characteristic 
postural incoérdination is evident even before the animal recovers from 
the morphia. The condition and reactions of the animal immediately 
after the operation have been adequately described by Magnus and de- 
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Kleijn (1913) the most notable effects being the violent rolling movements 
toward the operated side, the bending and torsion of the head, and the 
deviation and nystagmus of the eyes. Although operative nystagmus 
gradually decreases and in most animals disappears within twenty-four 
to forty-eight hours, it returns for a short time if the animal is seriously 
disturbed. 

Five rabbits were successfully operated on, that is to say, they exhibited 
after operation typical disturbances of posture. They were therefore 
subjected to observation during and after rotation. Slow and fast rota- 
tion by motor and very slow rotation by hand was carried out. The slow 


TABLE 1 
Head held horizontally; showing the differential effects of rotation toward the intact and 
injured side of unilaterally labyrinthectomized rabbits 


NUMBER OF ANIMAL 


™N N N 
Si 
= 
Rotation toward intact side 
Slow rotation once in 5 seconds....... 24+) ? 
After slow rotation... . 2+/—| *+ —| 
Fast rotation once in 2 seconds....... +i-|+i-— +/+ + 2+) 2+ 
After fast rotation......... —| ?} 2) 2) 2) ? 
Rotation toward injured side 
Slow rotation once in 5 -|-\|- 
Fast rotation once in 2 seconds..... —| 


+ Blindfolded. 
+ = nystagmus; ? = slight nystagmus; — = no nystagmus; * = operative 
nystagmus. 


speed was one revolution in five, the fast one revolution in two seconds 
for a total of 10 revolutions. 

Observations of this sort made on the eyes of an animal with the head 
free to move are affected by the head movements. The rotatory com- 
pensatory position assumed by the head makes the nystagmus less than 
when the head is turned the opposite way, the effect of the head position 
thus partially neutralizing the reflex from the internal ear, and the actual 
result is the algebraic sum of two quantities of opposite sign. The results 
with the head held horizontally are shown in the table. In the majority 


of cases during both slow and fast rotation toward the intact side there is 


1 2 3 4 5 
4 


d 
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strong compensatory deviation and nystagmus, the operative and rotatory 
deviation being in the same direction, but the post-rotatory response is 
weak or absent. Rotation toward the operated side is accompanied by 
but slight or no compensatory movements, operative and rotational 
nystagmus having opposite tendencies, but the post-rotatory movements 
are very striking. 

One of the animals, no. 5, was observed under conditions which excluded 
the action of moving retinal images, an appropriate cardboard frame being 
so placed that the visual field was stationary during rotation. In the 
normal animal when the action of moving retinal images is excluded the 
rotatory nystagmus is diminished and post-rotatory increased. Applied 
to the unilaterally labyrinthectomized animal the conditions are somewhat 
different; namely, when the direction of rotation is toward the intact 
side, the rotatory reaction is strong, but not as strong as when the visual 
field is moving, but the post-rotatory is weak or absent. On the other 
hand, during rotation toward the operated side rotatory compensation 
is lacking, or slight, but post-rotatory remarkably accentuated. Here 
again then we have the algebraic summing of like and unlike effects 
mediated by the eyes and the labyrinths coupled with the algebraic 
summing of the operative and rotational effects. 

Some observations were made of the reactions to rotation by hand, 
moving the table a variable amount, a few centimeters to a quarter turn, 
and so forth. These were very clear and instructive. Nystagmus always 
occurs upon movement toward the good side of the animal, but seldom 
during movement toward the injured side. Post-rotatory nystagmus 
occurs when the movement has been toward the injured side, but not 
following rotation toward the good side. A considerable number of 
observations were also made on the eye movements during and following 
the tilting of normal and unilaterally labyrinthectomized rabbits around 
the transverse axis, downward and upward, and around the long axis, 
sideways, the head being held in a plane horizontal to the board. The 
results on the normal animals need not detain us, the eye-balls deviating, 
with nystagmus in the opposite direction, in such a manner as to counteract 
the effect on the field of view of the altered position of the body in space. 
When unilaterally labyrinthectomized rabbits are tilted, the eye on the 
sound side behaves like that of the normal animal, but the eye on the 
operated side seems unable to compensate for changes in the position of 
the body in space and moves passively in the direction of tilting. Nystag- 
mus accompanies the deviation in practically all cases. In the eye on 
the operated side this was frequently of a quivering or tremulous nature. 

The conclusion drawn from these observations is, that while each laby- 
rinth has a binocular influence there is evidence of differential reduction 
in tone when one has been removed, as exhibited by the difference in 
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reaction according as to whether the direction of rotation is toward the 
intact or operated side. Each labyrinth controls the responses of both 
eyes to rotational movements in both directions, but in unequal amounts, 
the control being greater for the eye on the same side. This state of 
affairs holds for larval and adult Amblystoma, for the frog and for the 
rabbit. 

SUMMARY 


Rapid and slow rotation of unilaterally labyrinthectomized frogs and 
rabbits produces in the majority of cases when the direction of rotation is 
toward the intact side rotatory, but no, or but slight, post-rotatory nystag- 
mus; and when the direction of rotation is toward the injured side post- 
rotatory, but no, or but slight, rotatory nystagmus. When a blinder is 
employed so that the action of moving retinal images is excluded the 
rotatory and post-rotatory movements are diminished or increased accord- 
ing to the direction of rotation; namely, when rotation is toward the 
normal side the rotatory reaction is considerable, though not as much so 
as when the animal sees the moving visual field, while the post-rotatory 
movements are diminished. When the direction of rotation is toward the 
operated side the compensating movements are slight or entirely lacking, 
but the post-rotatory movements are very extensive and numerous. 

When unilaterally labyrinthectomized rabbits are tilted forward, back- 
ward and sideways, the eye on the operated side, instead of deviating in 
the normal manner as the other eye does, that is in a direction opposite to 
that of the tilting with periodic nystagmic jerks in the other direction, 
rolls passively in the same direction as the tilting. 

Each labyrinth functions for both sides but to a greater extent for 


its own. 


BIBLIOGRAPHY 


DE BARENNE, J. G. D. AND A. pEKLEIJN. 1923. Arch. Ophthalmol., exi, 374. 

Bartets, M. 1910. Arch. Ophthalmol., lxxvi, 1. 

DetLersEN, J. A. 1925. Physiol. Rev., v, 244. 

Ewap, R. 1892. Physiologische Untersuchungen iiber das Endorgan des Nervus 
Octavus. 

GREENE, W. F. anp H. Laurens. 1923. This Journal, Ixiv, 120. 

DEK.LEIJN, A. 1913. Pfliiger’s Arch., exlv, 549. 

Logs, J. 1918. Forced movements, tropisms and animal conduct. 

Maanus, R. anp A. DEKLEIN. 1913. Pfliiger’s Arch., cliv, 178. 

Masupa, T. 1922. Pfliiger’s Arch., exevii, 1. 

8.8. 1923. Labyrinth and equilibrium. 


Maxwe.t, 8S. 8S. G. F. Pitz. 1924. This Journal, lxx, 118. 


Pike, F.H. 1923. Physiol. Rev., iii, 209. 

Pitz, G. F. 1926. This Journal, lxxvii, 443. 

Prince, A. L. 1917. Proc. Soc. Exper. Biol. and Med., xiv, 133. 
Scuirr, M.M. 1891, Arch. sci. phys. et nat., xxv, 194. 
TRENDELENBURG, W. AND A. Kiun. 1903. Arch. f. Physiol., 160. 


THE REGULATION OF CIRCULATION 


V. Tue Errect or ANEMIA AND HEMORRHAGE ON THE CARDIA‘ 
Output oF Docs! 


ALFRED BLALOCK anp TINSLEY RANDOLPH HARRISON 


From the Departments of Surgery and Medicine, Vanderbilt University, Nast e, Tenn 


Received for publication October 14, 1926 

Present knowledge of the factors controlling the output of the heart is 
relatively meagre. Boothby (1), in 1915, suggested that the hydrogen ion 
concentration of the blood is an important controlling factor, and Douglas 
and Haldane (2) have presented evidence for this view. Blalock, Harrison 
and Wilson (3) found acidosis and increased cardiac output in experimental 
respiratory obstruction. They also (4) observed an increased output of 
the heart after injecting acid, and a diminished output after injecting 
alkali. 

Leegard (5) found an increased circulatory minute volume in rabbits 
with experimental pneumonia. We have obtained (6) similar results in 
dogs, although no significant alterations in the hydrogen ion concentration 
of the blood were encountered. These results indicated that the acid-base 
balance could not be the sole factor in the regulation of circulation. 

The dogs with pneumonia had increased metabolic rates and anoxemia. 
Many developed anemia. These three conditions have been studied sepa- 
rately. Changes in metabolic rate produced by feeding thyroid and by 
thyroidectomy were found to be associated with significant changes in the 
output of the heart (7). Similar results have been reported by others (8), 
(9), (10). 

The present problem deals with the effects of deficient oxygenation of 
the blood on the cardiac output. Oxygen deficiency has been produced by 
the removal of blood and by anoxic anoxemia. Anemia as used in this 
paper indicates the repeated loss of small quantities of blood over a long 


1 On order to coérdinate our previous reports with our major problem this general 
title has been adopted. Our previous communications, (a) The Effects of Partial 
Respiratory Obstruction on Circulation and Respiration of Morphinized Dogs, (b) 
The Effects of Changes in Hydrogen Ion Concentration on the Blood Flow of Mor- 
phinized Dogs, (c) Cardiac Output in Pneumonia in the Dog, and (d) The Effects of 
Thyroidectomy and Feeding Thyroid Substance on the Cardiac Output of Dogs, are 
to be considered as papers I, II, III and IV of this series 
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period of time, whereas hemorrhage implies the rapid removal of larger 
quantities of blood. The results are reported in this and the succeeding 
paper. The possible clinical application of the findings will be discussed 
elsewhere. 

Krause (11) and Plesch (12) observed increased cardiac output in severe 
anemia. Harrop (13) found that the percentage saturation of the venous 
blood with oxygen was normal in three patients with severe anemia and 
the coefficient of utilization of oxygen (arterio-venous difference) was 
greatly decreased. His observations indicated that the blood flow through 
the arm was probably increased. Similar results were reported by Eppin- 
ger, von Papp and Schwarz (14). Lundsgaard (15) found normal coeffi- 
cients of utilization of oxygen in blood from the arms of anemic patients 
and believed that the cardiac output does not change as long as the hemo- 
globin is above 30 per cent. He stated, “The resting anemic organism 
does not increase its circulation until all the reserve oxygen is used.” 

Liljestrand and Stenstrom (16) reported increased cardiac output in 
patients with anemia of varying degree. Dautrebande (17) observed no 
change in cardiac output as long as the hemoglobin was above 50 per cent. 
Between 40 and 50 per cent, the cardiac output was moderately increased, 
and below 49 per cent a very marked increase was noted. Therefore, 
most of the workers in this field are agreed that anemia increases cardiac 
output, but considerable uncertainty exists as to the degree necessary to 
excite this effect. Our interest has centered particularly in the mechanism 
of this phenomenon, a phase which has received less attention. 

Metuop. Dogs were given 6 to 10 mgm. of morphine sulphate per kilo 
of body weight. One and one-half to two hours later samples of blood were 
drawn from the right and left ventricles. The usual precautions against 
contamination with air were followed. The oxygen consumption was then 
determined with the Benedict spirometer, to which the animal was con- 
nected by a specially constructed rubber mask. Check analyses of the 
arterial and venous oxygen contents were made, the Van Slyke-Neill (18) 
manometric apparatus being used. 

The hemoglobin was not estimated directly but was calculated from the 
oxygen content of the arterial blood which was assumed to be 95 per cent 
saturated. Twenty volumes per cent oxygen capacity was assumed to 
represent 100 per cent hemoglobin. This method of determining hemoglo- 
bin is not absolutely accurate, but is adequate for our purpose. 

The cardiac output was calculated from the Fick formula: 


ee. of oxygen consumed per minute ee. of blood passing 
ec. of oxygen taken up by one ce. equals through the lungs per 
of blood in passing through the minute 

lungs 
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In order to be certain that the results obtained were not dependent on 
morphine, one trained unnarcotized dog was used in twenty experiments 
Observations were carried out on three different series of animals and the 
following general problems were investigated. 

a. The effect of repeated loss of relatively small amounts of blood (group 
[). After one or more control determinations the animal was bled 50 to 
150 ce. once or twice a week for a period of six to ten weeks. During this 
time frequent determinations of cardiac output were made. Bleeding was 
then stopped and determinations made at intervals for three orfour months 

b. The effect of rapid loss of blood without the administration of fluid 
(group II). After one control determination blood amounting to | per 
cent of the body weight was withdrawn. The procedure was repeated at 
two-hour intervals until five determinations of cardiac output and four 
bleedings had been carried out. Thus about one-third to one-half of the 
calculated blood volume was removed in the course of the experiment 

c. The effect of rapid loss of blood and replacement with saline solution 
(group III). The procedure was carried out in the same way as that just 
mentioned except that at the end of each bleeding the blood was replaced 
by an equal quantity of 0.9 sodium chloride solution administered 
intravenously. 

Resutts. A. The effects of loss of 50 to 100 cc. of blood at three- to five- 
day intervals. Four animals were studied and fifty-eight determinations 
of cardiac output were made. The results are shown in figure 1. 

The general condition of the animals was not altered to any striking de- 
gree. At the time of severest anemia some weakness and apathy were 
noted. One animal was accidentally killed by the production of hemo- 
pericardium and another died of intercurrent disease. 

The pulse rate of the trained dog increased as the anemia became more 
severe. In the morphinized animals the changes in pulse rate were less 
marked. 

Constant variations did not occur in the oxygen consumption which, 
however, was usually somewhat greater during the period of grave anemia. 
This was much more striking in the trained dog than in those which re- 
ceived morphine. The oxygen consumption of the unnarcotized dog was 
almost 100 per cent higher during the period of recovery from severe anemia 
than during the control observations. 

The hemoglobin diminished rapidly. The lowest hemoglobin was 25 
per cent. Ordinarily bleeding was stopped after a level of 30 to 40 per 
cent had been reached, as it was considered desirable to save the animals 
and study them during the recovery period. 

The arterial and venous oxygen contents decreased, the former being 
diminished in greater degree. The utilization of oxygen was consequently 
diminished after repeated hemorrhages. The percentage saturation of the 
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venous blood with oxygen was decreased. The lowest venous saturation 
was 26 per cent. When anemia was severe the venous saturation was 
usually between 30 and 45 per cent, whereas the venous blood was 50 to 
70 per cent saturated in the control determinations. The percentage of 
hemoglobin was reduced to a much greater degree than was the percentage 
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Fig. 1. The results are plotted for the two dogs which showed maximum (V2:) and 
minimum (V3) changes in cardiac output following repeated small bi-weekly bleed- 
ings. The most striking feature is that the greatest values for cardiac output occur- 
red during the recovery period—i,e., after bleeding had been stopped. 


of saturation of the venous blood. This finding indicates the necessity 
for a relatively high oxygen pressure in the capillaries and is discussed later. 
The minute cardiac output increased in every animal, but the degree of 
increase was variable. The maximum changes in minute cardiac output 
in the four animals studied were plus 34 per cent, plus 73 per cent, plus 
108 per cent, and plus 270 per cent respectively, the greatest increase 
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occurring in the trained dog. The output per beat also was greater during 
anemia in all of the animals. 

The greatest cardiac outputs were observed during the period of re- 
covery and not at the time when the anemia was most severe. In the two 
animals which survived, the minute output reached its maximum one and 
three months respectively after bleeding had been discontinued. The 
output then gradually decreased, but was still considerably above the con- 
trol level after a recovery period of four months. These findings are shown 
in figure 1. 

B. The effects of rapid loss of blood without replacement of fluid. As 
described above, these animals were bled amounts corresponding to | per 
cent of the body weight for three or four successive bleedings at two-to 
three-hour intervals, the cardiac output being determined immediately 
before each bleeding and two hours after the last bleeding. In two ani- 
mals subsequent observations were made for several weeks after the 
immediate experiment. 

Twenty determinations of cardiac output were made on three dogs. 
During the immediate experiments the general condition of the animals was 
not changed by the first two bleedings, but after the third and fourth bleed- 
ings (i.e., after blood amounting to 3 or 4 per cent of the body weight had 
been removed) some dyspnea and considerable weakness were noted. 
At this stage the dogs appeared to be in a state of shock. 

The pulse rate increased after each removal of blood. No constant 
rariations in oxygen consumption were found. A decrease of 5 to 15 per 
cent in hemoglobin occurred. The arterial and venous oxygen contents 
were slightly diminished after the first three bleedings. After blood had 
been withdrawn a fourth time the venous oxygen was markedly decreased 
and the coefficient of utilization which had hitherto undergone no signifi- 
cant change was much increased. The cardiacoutput remained practically 
constant in two animals after the first three bleedings, but after the fourth 
bleeding decreased markedly, the decrease in cardiac output corresponding 
to the appearance of signs of shock. One animal had an initial rise in 
cardiac output, followed by a fall as the bleeding was continued. 

Two dogs were saved and were later studied at intervals. In both of the 
animals subsequent observations showed that the percentage of hemoglobin 
was less than at the end of the original experiment. This indicated that 
the blood volume had increased. The general appearance was entirely 
similar to that of the animals with the more chronic anemia, the cardiac 
output was much increased, and remained elevated during the period of 
recovery from the anemia. As would be expected this period was shorter 
than in the animals which had undergone more bleeding. 

C. The effects of rapid loss of blood and replacement of fluid. The obser- 
vations were carried out in the same manner as those just mentioned, except 
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that the blood withdrawn was immediately replaced by an equal volume 
of 0.9 per cent sodium chloride solution, administered intravenously. 
Sixteen determinations of cardiac output were made on three dogs. 
Marked changes in the general condition of these animals were not noted 
during the immediate experiment. After the fourth bleedings the animals 
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Fig. 2. Two immediate experiments are plotted. In the experiment shown below 
the blood withdrawn was not replaced by saline solution. The greatest decrease in 
hemoglobin was 8 per cent. The cardiac output remained practically constant for 
two bleedings, but after the third and fourth bleeding decreased to 20 per cent and 
45 per cent of the original value. 

In the experiment shown above the blood withdrawn was replaced by saline solu- 
tion. The maximum decrease in hemoglobin was 25 per cent. The cardiac output 
was increased to plus 55 per cent and plus 70 per cent above the control value after 
the second and third bleedings respectively. After the fourth bleeding the cardiac 
output was minus 15 per cent. These findings emphasize the importance of hemo- 
globin concentration and hence capillary oxygen pressure (see text) in the regulation 
of circulation. 


appeared to be in a state of slight shock, but this was less striking than in 
the dogs which were bled and given no fluid. The pulse rate increased. 
The oxygen consumption was definitely elevated. The cause of this is not 
clear unless the increased metabolic rate is to be attributed to the increased 
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activity of the heart. The hemoglobin decreased during the immediate 
experiment. The degree of decrease varied in the different animals. The 


arterial oxygen content decreased 2 to 7 volumes per cent. The venous 
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Fig. 3. This chart represents all the determinations of cardiac output made in 
three groups of animals. The following features are noteworthy: 

a. Nearly all the symbols except those containing an c—denoting shock—are above 
the control line, indicating an increased cardiac output in anemia. 

b. The symbols toward the right side of the chart—severer grades of anemia 
are, in general, somewhat higher than those at the left. 

c. The black triangles (denoting experiments in which the blood withdrawn was 
replaced by saline) are considerably higher and somewhat farther to the right 
than the black squares (denoting experiments in which the fluid lost was not re- 
placed). Thus the degree of anemia was greater and the cardiac output was higher 
in the ‘“‘replacement”’ experiments. 

d. The black triangles (acute hemorrhage and replacement) are higher than the 
black circles (chronic bleedings) of the same degree of anemia. Thus time appears 
to be an important element in determining the degree of cardiac response to a given 
hemoglobin level. The more rapidly the anemia is produced, provided shock is 
avoided, the greater the increase in cardiac output. 

e. The hollow symbols denoting recovery periods in the respective groups are 
definitely higher than the black symbols. The cardiac output is greatest, therefore, 
when the animal is recovering from the anemia. 


oxygen content changed to smaller degree in most instances and the utiliza- 
tion was usually diminished. 

After the first bleeding no significant change in cardiac output was noted, 
but after the second bleeding a marked increase occurred in every animal. 
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Following subsequent bleedings the cardiac output remained elevated or 
decreased according to the degree of shock. The important point is that 
a significant rise in cardiac output occurred at some period in all experi- 
ments in which the blood volume was maintained. That this finding was 
in contrast to the results obtained when the blood was diminished and the 
hemoglobin was less changed is shown in figure 2. 

The greatest cardiac outputs observed in the experiments in which the 
fluid was not replaced were plus 63 per cent, plus 15 per cent and minus 3 
per cent of the original control figures for these animals. The greatest 
cardiac outputs found in the experiments in which the fluid was replaced 
were plus 181 per cent, plus 70 per cent and plus 52 per cent respectively. 
In the first group of animals the maximum changes in hemoglobin occurring 
in the immediate experiments were minus 13 per cent, minus 11 per cent 
and minus 13 per cent respectively. In the second group the maximum 
hemoglobin changes during the immediate experiment were minus 24 per 
cent, minus 28 per cent, and minus 8 per cent. (In the latter group the 
dog which had the smallest change in hemoglobin had the greatest increase 
in cardiac output. The cause of this is not clear.) 

The results found in the three groups of animals are summarized in 
figure 3. A rather loose correlation is seen to exist between the degree 
of anemia and the degree of increase in cardiac output. There are three 
exceptions to this general rule: 1. During the period of recovery the hemo- 
globin is found to approach the normal level sooner than the cardiac out- 
put. 2. During the state of shock which supervened in some of the im- 
mediate experiments, the cardiac output decreased despite a diminution in 
hemoglobin. 3. Anemia produced rapidly causes a relatively greater 
increase in cardiac output than anemia produced more slowly (black 
circles—fig. 3). 

Discussion. The results of these experiments are in accord with the 
findings of most other observers, in so far as they indicate that the cardiac 
output is increased in severe anemia. The essential points to be considered 
are: 1, the mechanism whereby this compensatory adjustment is brought 
about, and 2, the degree of anemia necessary to produce a change in the 
cardiac output. In regard to the first point it is noteworthy that a de- 
creased concentration of hemoglobin was followed by an increased cardiac 
output, whereas diminution of the total amount of hemoglobin was not 
necessarily followed by an increase in the cardiac output. 

That loss of blood in itself does not materially change the cardiac output 
is shown by those experiments in which the animals were bled and the blood 
volume was not restored. 

The increased cardiac output was usually associated with significant 
diminution of the hemoglobin content of the blood and it seems likely that 
the latter was the cause of the former. Although hemoglobin functions 
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as a buffer as well as a carrier of oxygen, we believe that only the latter 
function is important in this connection (see the following paper in the 


present issue of THis JOURNAL). 

The fact that diminution in the oxygen carrying power of the blood was 
followed by increase in cardiac output naturally raised the question as to 
whether the oxygen tension of the blood might not be an important factor 
in the control of circulation. Unfortunately, the oxygen tension cannot be 
determined from the data available, as the degree of dissociation of hemoglo- 
bin is partially dependent on the carbon dioxide tension (19) which cannot 
be calculated because determinations of pH and carbon dioxide content 


were not made. The percentage saturation of the venous blood with 


oxygen was diminished in all experiments except those in the later stages 
of the recovery period when the venous saturation was normal. Although 
the exact values for the oxygen tension are not available, it is reasonably 
certain that the pressure of oxygen in the venous blood was diminished. 
Any regulatory effect ascribable to changes in the oxygen tension of the 
blood must depend on alterations of the pressure of this gas in the capil- 
laries. Since the capillary oxygen tension is dependent on that of the 
arterial blood as well as that of the venous blood, variations in the latter 
alone cannot cause changes of similar magnitude in the capillaries. Lunds- 
gaard and Van Slyke (20) have designated the mean capillary oxygen 


A—V 
unsaturation as —,— where A represents the arterial unsaturation and 


V the venous unsaturation. For the sake of convenience we have used a 
similar scheme and have designated “mean capillary oxygen pressure” 
Art pO» plus Ven. pO» 


4 


as capillary pO, which equals (It must be borne 


in mind that this is purely a theoretical representation of a possibility. 
Since the blood flows more slowly through the venous loop than through 
the arterial loop of the capillaries it is likely that Art. pO, minus Cap. 
pO, is greater than Cap. pO. minus Ven. pO,. The above formulation is 
convenient, however, and holds true if “‘mean’’ be used to designate the 
average of the highest and lowest capillary oxygen pressures and not the 
average of the sum of all the pressure levels.) A change of 20 mm. in Ven. 
pO» would of course cause a change of 10 mm. in Cap. pOr. 

The oxygen capacity of the blood was not determined in our experiments. 
It is likely that the variations in arterial oxygen saturation were not great, 
but as relatively small changes in this factor produce relatively great 


changes in oxygen pressure-——the dissociation curve of oxy-hemoglobin 


being almost horizontal at 95 per cent saturation—constancy of the arterial 


oxygen pressure cannot be assumed. 
Despite the lack of complete data it is justifiable to believe that the 
capillary oxygen pressure was at least slightly diminished and it is possible 
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that this was the cause of the observed increase in cardiac output. There 
is one important objection to this view. In all of the dogs the cardiac out- 
put was greater during the recovery period than during the period of sever- 
est anemia (fig. 3). However, in any series of physiological observations 
the greatest response does not necessarily imply the greatest stimulus, as 
the ability to respond to a given stimulus may vary according to the degree 
of functional efficiency of the organ in question. It is well known that loss 
of a large amount of blood results in circulatory shock, and that long stand- 
ing anemia produces anatomical changes in the heart muscle. We believe 
that the dogs had a greater cardiac output during the period of “recovery”’ 
because their hearts were then more efficient. It is probable that the 
functional efficiency of the heart was impaired during the period of gravest 
anemia and that the organ was unable to respond normally to the stimulus 
caused by the loss of blood. Consequently it is not felt that the fact that 
the greatest cardiac outputs were encountered during the “recovery” 
period is conclusive evidence against the view that capillary oxygen 
pressure is an important factor in the regulation of cardiac output. 

The individual dogs reacted to comparable degrees of anemia with 
considerable differences in the degree of increase in cardiac output. This 
was to be expected, as physiological responses to the same stimulus are 
usually similar qualitatively, but dissimilar quantitatively in different 
individuals. 

In several of the animals an increase in oxygen consumption of consider- 
able degree occurred during the course of the observations. This was often 
greatest during the recovery period. The cause of this is not clear. 

Another point of interest is the relationship between the degree of anemia 
and the increase in cardiac output. All observers are agreed that anemia 
may lead to an elevation of the cardiac output, but there is no uniformity 
of opinion as to what degree of anemia is necessary in order to bring this 
about. As mentioned above, Lundsgaard (15) claimed that no increase in 
cardiac output occurred until the hemoglobin approached 30 per cent, 
while Dautrebande (17) believed 50 per cent of hemoglobin to be the criti- 
callevel. In observations extending over a period of two years and includ- 
ing several hundred determinations of the cardiac output of supposedly 
normal dogs, we have frequently encountered animals with a moderate 
degree of anemia (hemoglobin of 60 to 70 per cent) and with cardiac out- 
puts which fell within the limits of normal (100 to 200 ec. per kgm. per 
minute). E. K. Marshall has reported similar observations (personal com- 
munication). This finding suggests that anemia must be of severe grade, 
below 60 per cent hemoglobin, before leading to any change in cardiac 
output. However in figure 3 there are depicted numerous observations 


which point to an elevation of cardiac output with degrees of anemia con- 
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siderably milder than this, and this supports the findings of Liljestrand and 


Stenstrom (16). 
The two points of view are not entirely irreconcilable because the time 


element seems to play an important role. When the circulation was not 


handicapped by a diminished blood volume or by shock from excessive 


bleeding, the cardiac output was increased in the immediate experiments 


even with relatively slight degrees of anemia (fig. 3, black triangles). 
When the bleeding extended over a longer period of time, relatively greater 
degrees of anemia were necessary before the cardiac output increased 
(fig. 3, black cireles). In dogs which are anemic but otherwise apparently 
normal, it is altogether likely that the anemia has required considerable 
time to develop and adjustment has occurred without any change in the 
cardiac output. It is believed that these conceptions as to the importance 
of the time element explain the conflicting views mentioned above 

The results found in this work cannot be attributed to morphine, as the 
greatest changes in cardiac output occurred in the trained unnarcotized 


animal. 


SUMMARY 


The effects of anemia and hemorrhage on the cardiac output of intact 
dogs have been studied by the Fick method. Diminution of the hemo- 
globin content of the blood is associated with an increased cardiac output. 
Progressive hemorrhage leading to decreased blood volume causes no 
marked change in cardiac output until the animal approaches a state of 
shock when the cardiac output rapidly decreases. When blood volume is 
maintained by saline infusion, progressive hemorrhage is associated with 


an increased cardiac output, which diminishes as shock sets in. 

These effects occur in animals narcotized with morphine and in trained 
unnarcotized animals. The time element is of considerable importance. 
The more rapidly a given degree of anemia is produced the more is the 
output of the heart increased. 

It is suggested that capillary oxygen pressure may be an important fac- 
tor in the regulation of the output of the heart. 

We take pleasure in expressing our appreciation to Dr. Glenn FE. Cullen 
for helpful suggestions in regard to this work. 
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In the preceding paper a study of the effects of anemia and hemorrhage 
on the output of the heart has been reported. Reduction of the hemo- 
globin concentration was found to be followed by an increase in cardiac 
output, the degree of increase being relative to the severity of the anemia, 
and to the rapidity with which it was produced. These fin’ ings suggested 
that the oxygen pressure in the capillaries might be an important factor 
in the regulation of the cardiac output. Accordingly studies have been 
undertaken with the object of determining whether deficient oxygenation 
of the blood, due to anoxic rather than anemic anoxemia, is associated 
with changes in the circulatory minute volume. 

The problem of the cardiac response to deficiencies in the transport of 
oxygen is an interesting one and previous observations along this line 
have not been lacking. 

Schneider and Truesdell (1) observed an increased pulse rate and 
increased pulse pressure but no change in the blood flow through the hand, 
in normal individuals in whom sudden and extreme anoxemia was pro- 
duced by rebreathing. The same authors (2) reported an increased 
pulse rate and pulse pressure and decreased blood flow through the hand 
and peripheral capillaries when gradual severe anoxemia was produced 
by rebreathing and when constant moderate anoxemia was present. As a 
result of their investigations Schneider and Truesdell stated: “It is con- 
cluded that the circulatory changes in anoxemia do not serve as a means 
of compensating for a lack of oxygen, but that they may be interpreted as 
signals of distress.”” Doi (3), using the Fick method, found no change in 
the cardiac output of urethanized cats when the percentage of oxygen in 
the inspired air was as low as 13.31 and the arterial blood 81 per cent 
saturated with oxygen. 

Dreyer (4) made cardiometric studies on decerebrate cats and found an 


increased cardiac output after one to three hours of anoxemia, the arterial 
169 
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blood being 50 to 80 per cent unsaturated. As a result of hemodynamic 
studies on dogs nareotized with morphine and chloretone, Sands and 
DeCraff (5) stated: “Increased systolic discharge, an increased rate of 
the heart, and a reduced peripheral resistence all combine during anoxemia 
to increase the minute flow of blood through the body.’ In studying 
progressive anoxemia these authors found that eventually a “circulatory 
crisis’”’ occurred, after which the cardiac output was diminished. 

These discrepancies are to be attributed to the fact that the methods 
used were indirect and the animals had been given narcotics and subjected 
to various operative procedures. Blalock (6) has shown that ether has a 
very marked effect on the cardiac output, and Marshall (7) found that 
urethane alters the response of the heart to changes in rate. In view of 
their findings, it is logical to believe that any observations on the cardiac 
output of anesthetized or narcotized animals cannot be regarded as 
entirely applicable to normals, unless checked by similar observations on 
unanesthetized trained animals. Marshall has demonstrated that such 
studies are feasible. 

As the relationship of anoxemia to the minute output of the heart is a 
complicated problem, it has seemed advisable to carry out the study from 
several different points of view. In this paper the results of severe anox- 
emia of short duration are reported. In subsequent publications the 
effects of milder degrees of anoxemia of long and short duration will be 
presented, and the possible clinical application of the findings will be 
discussed. 

Although there is no sharp dividing line between severe and mild 
anoxemia, in these studies we have arbitrarily classified an arterial satura- 
tion of less than 70 per cent as “severe’’ and have considered saturations 
of 70 to 90 per cent as “mild.” 

Mernop. Eight experiments including twenty-four determinations of 
cardiac output were carried out on morphinized dogs. These animals 
were given the drug—6 to 10 mgm. per kilo of body weight—approxi- 
mately one and one-half hours before the start of the observations. Five 


experiments including thirteen determinations of cardiac output were 


carried out on trained unnarcotized dogs. 

Initial control determinations were made in every instance, the method 
used being that described in the preceding paper. It was found advisable 
to make the blood oxygen determinations as soon as the blood was drawn, 
for some passing of oxygen from the oil into the blood occurs if the samples 
are allowed to stand. 

As soon as the control determination of cardiac output had been com- 
pleted the Benedict spirometer was filled with room air and the animal 
attached. The soda lime filter was left in situ and consequently the 
carbon dioxide was absorbed and the animal breathed an oxygen-nitrogen 
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mixture in which the percentage of the former gas was steadily decreasing 
The duration of rebreathing was varied in different experiments accor 

to the size of the animal and the degree of anoxemia desired 

seven to forty-five minutes of rebreathing the right and left ventricles 
were punctured simultaneously by two different observers. The blood 
samples were immediately analyzed for oxygen content and, in some 
instances, for carbon dioxide content. 

The oxygen capacity was determined in most of the experiments, 
in a few the control arterial blood was assumed to be 95 per cent 
rated and the oxygen capacity calculated. 

The oxygen consumption during rebreathing was calculated from the 
spirometer tracing, just as in the control periods. The minute ventila- 
tion was calculated from the same tracing, the rate of respirations being 
multiplied by the average depth of the respirations. The values obtained 
by this method are only approximately correct. No calculations of the 
minute ventilation were made for the morphinized dogs 

The pulse rate was counted immediately before blood samples were 
drawn. 

Hydrogen ion determinations were made in several experiments, the 
method of Hastings and Sendroy (8) being used. In some experiments 


only one control determination and one determination during anoxemia 


were made. In other experiments a second control was made thirty to 
sixty minutes after the cessation of anoxemia. In several experiments 
anoxemia was again induced. 

Resutts. The dogs remained quiet during most of the observations 
Two experiments were -discarded because the animals struggled when 
blood samples were being drawn. 

As morphine causes slowing of the heart and affects the breathing of 
dogs the changes in pulse rate and in ventilation are not considered en- 
tirely reliable in the dogs to which the drug had been given. The heart 
rate of the trained animals was slightly augmented during anoxemia—the 
average increase being about ten beats per minute. The changes in 
respiratory rate were variable and usually not striking. During anoxemia 
the respiratory depth was usually somewhat greater and the minute 
ventilation was increased in five of the six observations on trained dogs. 
As the changes in pH were slight and usually in the direction of increased 
alkalinity, these observations suggest that anoxemia may be of consider- 
able importance in the regulation of the respiration, and are more nearly 
in accord with the views of Gesell as expressed in his recent review (9 
than with other conceptions of respiratory control. 

The changes in oxygen consumption are of some interest. Variations 
of less than 15 per cent are not to be ascribed to anoxemia as animals may 
vary to at least this degree in the course of one or two hours on the 
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table. In one experiment a rise of 40 per cent occurred in the oxygen 
consumption, the arterial blood being 50 per cent saturated. For this 
no explanation is offered. In general no significant change was noted in 
oxygen consumption when the arterial saturation was more than 50 per 
cent. When the arterial saturation was less than 40 per cent a definite 
diminution in oxygen consumption was found, the degree of diminution 
being roughly proportional to the severity of anoxemia. 

In the control observations the arterial oxygen contents were between 
12 and 20 volumes per cent and the arterial blood was 90 to 100 per cent 
saturated. The venous oxygen contents in the control observations were 
between 7 and 15 volumes per cent. The utilization of oxygen was not 

lower than 4.4 volumes per cent in any of the initial control determina- 
tions, and was between 5 and 7 volumes per cent in most instances. 

The degree of diminution of the arterial oxygen content during the 
anoxemic period was variable. The lowest value found was 0.63 volume 
per cent. This corresponded to an arterial saturation of only 2.9 per 
cent. In the same experiment the venous oxygen content was 0.02 volume 
per cent, which may be considered as zero since the mean variation of 
check determinations of blood oxygen content is, in our hands, about 0.1 
volume per cent. 

During anoxemia the utilization (A-V) was unchanged in one instance 
and was less than the control value in fifteen instances. The highest, 
lowest and average values found for the utilization during severe anoxemia 
were 5.3, 0.6 and 2.4 volumes per cent respectively. 

The oxygen capacity was assumed to be constant in five experiments, 
but in the others was determined each time blood samples were drawn. 
The changes found in oxygen capacity were usually only slightly greater 
than the error of the method of analysis. (In one experiment a decrease 
of 3.5 volumes per cent was found. This may have been due to error as 
single determinations of oxygen capacity were considered sufficiently 
reliable, whereas duplicate analyses of arterial and venous oxygen con- 
tent were always made.) 

The carbon dioxide content of the blood was determined in eight ex- 
periments. During anoxemia an increase was found in two instances 
and a diminution in six instances. Although morphine may affect the 
CO. combining power of the blood, the changes in CO, content observed 
in these experiments were similar in the morphinized and in the trained 
animals and therefore cannot be attributed to the drug. In five of the 
experiments carried out on morphinized dogs hydrogen ion determinations 
were made. The control values fell within the limits (7.15 to 7.35) found 
as normal by Harrison, Wilson and Blalock (10) for dogs to which the 
drug had been given. During anoxemia the pH increased in five instances 
and decreased in one. The changes were never very striking, the maxi- 
mum variation being pH 0.08. 
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These changes in CO. and pH during anoxemia are to be interpreted as 
indicating a condition of uncompensated acid deficit and correspond to 
Van Slyke’s area “3” (11). Such changes are to be attributed to over 
ventilation. Koehler, Brunquist and Loevenhart (12) reported a similar 
slight alkalosis in dogs during the initial stages of anoxemia of long dura- 
tion. Their animals later developed acidosis, but only after having been 
anoxemic for a period considerably longer than the duration of the ex- 
periments reported in this paper. 
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Fig. 1. The percentage change in cardiac output is plotted against the percentage 
of arterial unsaturation. In every instance the cardiac output during anoxemia is 
above the control—zero—line. In general the output is greater during severe than 
during mild anoxemia. No striking difference can be observed between the normal 
and the morphinized dogs. 


In the control periods the minute cardiac output fell within the limits 
which have previously been found as normal for trained and morphinized 
dogs—100 to 210 cc. per kgm. per minute (7), (10). During anoxemia 
the output of the heart increased in every instance, but the degree of 
change was very variable in the different dogs as well as in different 
observations on the same animal. The maximum and minimum changes 
found in cardiac output were +539 per cent and +5 per cent respectively. 

The degree of increase was, in general, more or less in proportion to the 
degree of anoxemia. This is shown in figure 1 in which the percentage 
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change in cardiac output is plotted against the degree of anoxemia, and 
in figure 2, in which the output per minute per kilogram of body weight 
is plotted against the degree of anoxemia. 

The increase in cardiac output was chiefly due to an augmented stroke 
volume as the changes in pulse rate were relatively slight. 

The cardiac output one to two hours after the end of the anoxemic 


period was less in every instance than that during rebreathing. In the 


seven experiments in which second control determinations were made the 
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Fig. 2. The small circles denote control determinations and in these—with one 
exception—the cardiac output was between 100 and 220 cc. per kilo per minute and 
the arterial blood 90 to 100 per cent saturated with oxygen. The large circles denote 
determinations made during varying degrees of anoxemia. Most of the cardiac out- 
puts are above the upper limit for the control determinations. The degree of increase 
in cardiac output corresponds in a general way with the degree of anoxemia. 


cardiac output was twice found to be greater and twice found to be less 
than that during the initial control period, and in the other three instances 
no change was found. The conclusion is drawn that severe anoxemia of 
short duration exerts no constant after effect on the function of the heart. 

Discussion. These experiments constitute the first studies of the 
effect of anoxemia on the total minute blood flow of unanesthetized, 
unnarcotized animals. In view of the uniform results as contrasted to 
the conflicting findings of those who studied the blood flow through parts 
of the body only, or who have used anesthetized animals which had been 
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subjected to various surgical procedures, it appears justifiable to conclude 
that the output of the normal dog’s heart is always increased when the 
arterial blood is less than 70 per cent saturated with oxygen 

It has been previously shown (10) that variations in H-ion concentra- 
tion cause changes in cardiac output. The findings in the present obser- 
vations can not be ascribed to acidosis, however, because the changes in 
H-ion concentration were usually in the direction of increased alkalinity, 
which tends to decrease the total blood flow. Furthermore the variations 
in pH occurring in the present observations were of smaller magnitude 
than those which were found to lead to alterations in the cardiac output. 
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Fig. 3. One hundred per cent hemoglobin is assumed to correspond to 20 volumes 
per cent oxygen capacity. The oxygen content of the blood is plotted against the 
oxygen pressure. The percentage saturation of the blood for any given oxygen pres- 
sure has been derived from Bohr’s dissociation curve—40 mm. CO, pressure being 
assumed—and plotted above. The chart is schematic but represents the condition 
found in typical experiments. The object of the chart is to contrast the capillary 


oxygen pressure in anemia (50 per cent hemoglobin) and anoxemia (60 per cent ar- 
terial saturation). In anemia of this degree the ‘‘mean capillary oxygen pressure” 
(see text) is slightly decreased and the cardiac output is slightlyincreased. In 
anoxemia the changes in both functions are much greater. 


The evidence indicates that the changes found in the latter are to be 
ascribed directly to anoxemia. In the previous paper on the effects of 
anemia and hemorrhage, the suggestion was made that the capillary 
oxygen pressure was probably an important factor in the regulation of 
the circulation. A comparison of the data from the two studies shows 
that anoxemia caused a very much greater change in cardiac output than 
did anemia of corresponding degree. This is entirely in accord with the 
hypothesis concerning the importance of capillary oxygen pressure in 
circulatory control. In severe anemia the pO» in venous blood is decreased 


— 
ArT 
= Anoremia 7s 
a pc 35 Ver 
A Act 
10} a“, 150 
Sr Ver 2s 
P 
75 oc 
Fressure mm Ho 


176 TINSLEY RANDOLPH HARRISON AND ALFRED BLALOCK 


but the arterial oxygen pressure is not altered and consequently the change 
in mean capillary oxygen pressure is considerably less than in anoxemia in 
which reduction occurs in both venous and arterial pOs. These concep- 
tions are shown diagrammatically in figure 3. 

These data concerning the qualitative and quantitative effect of anox- 
emia on cardiac output support the idea that capillary oxygen pressure 
plays an important role in the regulation of circulation, but such an hy- 
pothesis can not be regarded as proven until observations concerning the 
effect of anoxemia of lesser severity and longer duration have been made. 
Such studies are in progress at the present time. 

It is of some interest to consider the mechanism whereby variations in 
oxygen pressure may conceivably alter the circulatory minute volume. 
Observations on acidosis (10) suggested that the increased cardiac out- 
put was probably dependent, in part at least, on capillary dilatation and 
diminished peripheral resistance. Krogh (13) found that oxygen lack 
produced dilatation of the capillaries of the frog’s tongue, and it is possible 
that such an action may play a role in increasing the cardiac output in 
anoxemia. 

Another possibility is the existence, in addition to the vasomotor center, 
of a medullary circulatory center, analogous to the respiratory center, 
which effects the cardiac output through the nerves to the myocardium. 
Evidence for such a mechanism is lacking at present. 

The third possibility is that changes are brought about by a direct 
myocardial action of the blood passing through the coronary vessels. 
Anrep and Bulatao (14) have shown that an increased coronary flow causes 
an increased cardiac output, while Hilton and Eichholtz (15) demonstrated 
that anoxemia increases the coronary flow. Present evidence indicates 
therefore that anoxémia increases cardiac output by a direct myocardial 
action. The question as to whether in the final analysis this effect is 
due to oxygen lack per se or to the presence of unoxidized acid metabolites 
remains unanswered. 

The maximum increase in cardiac output observed in these experi- 
ments has been approximately 300 to 500 per cent, or an increase to four- 
fold and sixfold respectively. Ordinarily in healthy dogs the coefficient 
of utilization is 25 to 35 per cent of the total arterial oxygen content. If 
an animal is able to quintuple his cardiac output and can use all the reserve 
oxygen in the blood then the greatest possible oxygen intake should be 
fifteen to twenty times the resting oxygen consumption. Such a conclusion 
is substantiated by the observations of Hill and Lupton (16) who found 
that the maximum oxygen consumption of men during running was 3500 
to 4000 cc. per minute, which is about fifteen times the resting oxygen 
consumption. From their findings these investigators calculated a 
maximum cardiac output during exercise of about 30 liters per minute 
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for the normal male. As 5 liters per minute is, according 
vestigations of Burwell and Robinson (17), approximately 
normal cardiac output of adult men, this represents a maxim 
of 500 per cent. This corresponds well with the maximum ¢ 
put which we have found for dogs with anoxemia, and indic 
findings in these animals can probably be applied with some 
men. 

Great increase in the minute output of the heart, with relatively little 
change in the pulse rate, necessarily postulates an increased cardiac 
diastolic volume, and Takeuchi (18) has shown that anoxemia causes such 
a change in the size of the heart. 

In order to consider the application of these results to human physiology 
it is necessary to assume that anoxemia affects the hearts of man and dog 
in the same manner. The foregoing discussion has been based on such 
an assumption. 


SUMMARY 


Anoxemia has been produced by rebreathing, the CO, being absorbed. 
The effects of arterial oxygen saturations of 3 to 70 per cent on the cardiac 
output of morphinized and trained dogs have been studied by the Fick 
method. Anoxemia of severe degree (greater than 30 per cent unsatura- 
tion) causes the following changes: 

1. Slight increase in pulse rate. 

2. Increased minute ventilation. 

3. Diminished oxygen consumption (when the arterial saturation is less 
than 50 per cent 

4. Unecompensated acid deficit (diminished CO, content and decreased 
H-ion concentration). 

5. Increase of 5 to 500 per cent in minute cardiac output. 


These findings support the hypothesis that capillary oxygen pressure is 


an important factor in the regulation of the circulatory minute volume. 


We desire to express our appreciation to Dr. E. K. Marshall, Jr., who 
first suggested this problem, and whose encouragment has been a helpful 
factor in its solution. 
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The pelvic or functional kidney of Necturus contains on its ventral sur- 
face close to the row of pear-shaped glomeruli visible there, nephrostomes 
which open directly from the abdominal cavity through short canals into 
proximal convoluted tubules. These nephrostomes, depicted by Chase 
(1923) and subsequently turned to physiological account by the experi- 
ments of Dawson (1925), have made possible the experiments, the results 
of which are presented here. 

Dawson studied the distribution of iron salts in the kidney: a, after 
intraperitoneal injections,—allowing 2 to 24 hours to elapse before anes- 
thetizing the animals, tying off the blood supply to the kidney, removing 
the kidneys, fixing them in formalin acidified with 2 per cent hydrochloric 
acid and serially sectioning them; b, after intravenous injections,-—allow- 
ing 1 to 9 hours to elapse before fixing and sectioning the kidney as in a. 
By this method he concluded that iron salts which reach the lumina of the 
tubules from the body-cavity are absorbed by the epithelium of their 
proximal and distal convoluted portions. But iron salts reaching the 
kidney from the blood stream are eliminated by the glomeruli and reab- 
sorbed (indirect evidence) by the epithelium of the convoluted tubules. 

The results of experiments presented here also involve intraperitoneal 
and intravenous injections, but of dyes rather than of iron salts and the 
observation of the living kidney rather than of fixed material. The dyes 
injected are chiefly those which have been carefully selected after several 
years of experimental study and found to be readily excretable and appar- 
ently innocuous. The undertaking of these experiments on the kidney of 
Necturus with dyes was primarily with the intent to discover what happens 
when they get into the lumen of the tubule by way of the nephrostomes 
and not by way of the blood stream. 

For this purpose Necturi were anesthetized by placing them for an hour 
or more in a | to 2 per cent solution of urethane. The dye was then injected 


intraperitoneally either before or after dissection to expose the kidney. 


Sometimes intraperitoneal injections were made without anesthesia and 
the animal subsequently anesthetized in order to expose the kidney and 
observe it under the microscope. 
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Intravascular injections were also made in the same animal following the 
observation of the results of the intraperitoneal. Thus by consecutive 
intraperitoneal and intravascular injections of the same dye into the same 
animal as well as by using the same dye now for intraperitoneal, now for 
intravascular injections, some definite results were obtained. 

All observations were made under a compound microscope with reflected 
light from an electric lamp and condensing lens. The animal was placed 
in a paraffined box and enough Ringer’s solution containing urethane 
added to cover the kidney and gills. Solutions of the dyes used were also 
obtained by using Ringer’s solution instead of distilled water. Magnifica- 
tions of 75, 185 and 740 diameters were obtained as desired. 

The following dyes were used for both intraperitoneal and intravascular 
injections: phenol red, tetrachlorphenol red, dibromphenol red, fluores- 
cein and buffalo fast crimson. In addition to these, but for intraperito- 
neal injections only, light green SF, buffalo black, trypan blue and toluidine 
blue were used. 

In twenty experiments performed at various times from December 1925 
to April 1926, tetrachlorphenol red was injected (1.5 to 2 cc.) intraperi- 
toneally as follows: 1. In 4, the dye was injected into the abdominal 
cavity of the unanesthetized animal by using a hypodermic needle. After 
2 to 5 hours the animal was anesthetized, dissected to expose the kidney, 
the body-cavity washed free of the remaining dye with Ringer’s solution 
and the kidney observed under the microscope. 2. In 5 experiments, the 
animal was first anesthetized, placed on its back, injected, and allowed to 
remain thus from 2 to 4 hours in water containing urethane after which 
the kidney was exposed and studied. 3. In 11 experiments the animal was 
anesthetized, the kidney exposed and the dye placed on it with a capillary 
pipette or enough in the body-cavity to cover it. 

In all of the above experiments, dye was observed in the lumina of cer- 
tain tubules visible on the ventral surface. It remained visible for varying 
lengths of time before it was washed out along with the flow of urine 
through the tubule. At no time, as a result of an intraperitoneal injection, 
was the dye seen to be appreciably absorbed by any of the cells of the 
tubules. 

In 15 of the 20 experiments in which tetrachlorphenol red was injected, 
the circulation (which is frequently poor in winter Necturi) through the 
kidney was adequate for an intravascular injection. The results of intra- 
vascular injections are also definite and as follows: within 5 to 10 minutes 
the dye is seen in both cells and lumina of the proximal convoluted por- 
tions of the tubule. The intensity of staining varies somewhat depending 
apparently on the functional state of the kidney. Kidneys in which the 
circulation is slow show little or no staining of their tubules. Kidneys in 
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which the circulation is good show, typically, definite staining 
of the proximal tubules as indicated in the following protocol 


2:00 p.m. Necturus (male) placed in a2 per cent solution of 

:00 p.m. Necturus placed on his back and pinned down 
through abdominal wall and 1.5 cc. of a 0.6 per cent 
chlorphenol red injected into the peritoneal cavity 

5:10 p.m. Dye seen in urine from cloaca. Kidney exposed and perit 
washed free of dye with Ringer’s solution. 

5:20 p.m. Kidney observed. Circulation excellent. Visible segment 
connecting with nephrostomes contain dye in their lumina 

5:25 p.m. Only traces of dye here and there in the lumina of a few 
of tubules not visibly stained. 

5:45 p.m. Intravenous injection (hepatic vein) of 1.5 ec. of a 0.6 per cent s 
tetrachlorphenol red. 

3:00 p.m. Circulation good,—cells and lumina of proximal convoluted tubules 
of a uniform purple color. Distal convolutions seem to have dye 
in the lumina of the tubules. 

6:15 p.m. Kidney excised and transected. 

6:30 p.m. Cross-section of kidney observed along cut surface. Cells of 
proximal tubules stained purple with dye. The cells of certain tub 
normally containing yellow pigment seem less intensely stained than 
those without pigment,—this difference probably owing to the presence 
of the pigment. 


Six experiments were performed in which phenol red was injected a 
indicated in the above protocol of tetrachlorphenol red, i.e., intraperitone 
ally and intravascularly. Four in which dibromphenol red was injected, 
three with buffalo fast crimson and two with fluorescein. ‘The results 
from injecting these four dyes intraperitoneally as well as intravascularly 
are essentially the same as those obtained from similar injections of tetra- 
chlorphenol red. ‘They are not absorbed from the lumina of those tubules 
permitting the entrance of dye through the nephrostomes as is indicated 
by the fact that they do not stain the cells of the tubules whose lumina they 
border on. They visibly stain the cells of the proximal convoluted tubules 
when they are injected intravascularly. 

One or two experiments each were carried out with intraperitoneal in- 
jections only of trypan blue, light green SF, buffalo black and some other 
indifferently excretable dyes. The invariable observed result of intraperi- 
toneal injections of any of the dyes used is that the dye gets into the lumina 
of certain of the tubules through nephrostomes, but are not absorbed from 
their lumina in appreciable amounts. This is seen to occur almost im- 
mediately when the dye is applied directly to the ventral surface of the 
kidney even in amounts so small that only two or three nephrostomes are 
covered by it. 

That the dye enters the tubule through a nephrostome and not other- 


wise is indicated as follows: 1. By its presence in the lumina of tubules 
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connecting with nephrostomes and by its absence in the lumina of tubules 
not connected with them. 2. The time between the injection of the dye 
and its appearance in the lumina of certain tubules is not sufficient to per- 
mit absorption from the body-cavity. 3. Only certain of the tubules on 
the ventral surface contain dye in their lumina as a result of an intraperi- 
toneal injection, whereas all of the proximal tubules contain dye in both 
cells and lumina as a result of an intravascular injection. 

It is to be noted that dyes entering the tubule directly through nephro- 
stomes are in greater concentration than when they are injected intravas- 
cularly since a 0.6 per cent solution of all dyes mentioned was used. Dyes 
entering the lumen of a tubule from the body-cavity are in full 0.6 per 
cent strength, whereas those injected intravascularly have already been 
diluted by the blood when they first reach the kidney. Yet with this 
greater concentration no appreciable absorption from the lumina of the 
tubules occurs. 

None of the dyes thus far mentioned is visibly absorbed from the lumen of 
the tubule in which it is seen as a result of an intraperitoneal injection. 
Toluidine blue, however, since it requires special mention, is dealt with 
separately. This dye stains living tissue cells intensely and distinctively 
whenever and wherever it comes into contact with them. Its color, when 
tissue is thus stained by it, varies from marine blue to royal purple. This 
variation in color is probably caused by changes in pH. It stains certain 
tissues more intensely per unit time than it does others. It seems to con- 
centrate in or around the nuclei of cells thus giving the appearance of fixed 
tissue stained with Delafield’s hematoxylin. When it is applied directly 
to the surface of the kidney, almost immediately the nephrostomal tissue 
is stained intensely by it. The renal tubules stain as readily but not so 
intensely unless the dye remains on the kidney for a long time. It is 
absorbed as readily from the lumen of a tubule as from its periphery. 
This is revealed by observing the kidney after intravascular as well as 
intraperitoneal injections and also by observing transections of the 
kidney made after intraperitoneal injections and local applications of the 
dye to it. 

The following protocol gives the main features in the behavior of tolui- 
dine blue when it is injected intraperitoneally or intravascularly: 


10:30 a.m. Necturus (male) placed in a 2 per cent solution of urethane. 

11:30 a.m. One cubic centimeter of 0.6 per cent solution of toluidine blue injected 
intraperitoneally with a hypodermic needle. Animal kept with gills 
immersed in a 1.5 per cent solution of urethane. 

1:00 p.m. Kidney exposed and dye washed from body-cavity. Nephrostomal dises 
clearly outlined as seen macroscopically. 

1:10 p.m. Kidney observed under microscope. Nephrostomal epithelium stained 
more intensely and uniformly than peritoneal epithelium. The color 
of the dye in the cells of the nephrostomal tubule is deep purple. The 
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cells of the renal tubules are stained light | 
blue as to nuclei. Observation of the lumir 
of dye in the cells. Intestine and portion ot! 

2:10 p.m. Kidney excised and transected. Transections 
scope. Dorsal and ventral tubules stained similarl; 
stained so intensely as ventral. This difference is owing t 
of contact with dye since dorsal tubules have nor 
closely applied to the body wall. Tubules in 
stained very slightly to not at all 


It is perhaps well to restate here that the appearance in the cells of the 
proximal tubules of Necturus of the dyes, phenol red, ete., is different 
from that of trypan blue or toluidine blue. The former and readily ex- 
cretable dyes are distributed homogeneously within the cell substance, 
the latter and not readily excretable dyes are distributed in particulate 
form. A number of indifferently excretable dyes (Kdwards, 1926) pile up 
in the renal cells and remain there for a considerable time before they dis- 
appear. Readily excretable dyes are seen microscopically in the cells of 
the proximal convolutions in maximum amounts only during the period of 
their maximum elimination in the urine, the cells becoming freer of dye as 
it disappears from the urine. 

It is probable that hitherto undue emphasis has been placed on the 
presence of dyes in renal cells without appropriate regard for other pos- 
sible factors such as distribution, appearance (homogeneous or particu- 
late), disappearance, percentage excretion by the kidney and the rate of 
excretion. 

The definiteness with which nephrostomal discs present on the ventral 
surface of the kidney of Necturus are stained with toluidine blue served to 
focus attention on them. Camera lucida tracings of a nephrostomal tu- 
bule with its nephrostome thickly bordered by long and stout flagella are 
easily made. These structures are more conspicuous and elaborate than 
is indicated in the figures of Chase (1923), although his description of them 
is adequate. 

While this investigation does not deal with the functional significance 
of nephrostomes, it seems, when the literature dealing with their occur- 
rence, structure and function is reviewed, that considerable importance 
might attach to them. The results presented here indicate clearly that 
none of the dyes used except toluidine blue is absorbed form the lumina of 
the proximal or distal tubules. Therefore it would be interesting despite 
the fact that dyes are not absorbed, if the proximal tubule should at the 
same time also prove to be the site of the reabsorption of certain substances 
White and Schmitt (1926) present data obtained from experiments on 
Necturus indicating the site of glucose and chloride absorption in the proxi- 
mal convoluted portion of the renal tubule. Their evidence shows defi- 


nitely that the reabsorption of these two substances occurs more particularly 
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in the neck of the tubule rather than in the proximal convolution proper. 
It is in the neck, however, that the nephrostomal tubule joins the renal. 
Some experiments of the writer indicate that the nephrostomal tubule 
might have influenced the reaction obtained by White and Schmitt whereby 
the absorption of glucose and chloride is shown. ‘These experiments are 
reserved for a later publication. 

With regard to the results obtained by Dawson, possible objections to 
them in consequence of the method used, are recognized by him as is made 
clear in his article by the reference made to it in the last paragraph on 
page 686. 

Hayman (1924) sought to test the validity of opinions concerning secre- 
tion or reabsorption which were based on histological pictures made from 
sections of the kidney after the injection of dyes into the blood stream, by 
comparing the results obtained by observation of the kidneys of living frogs 
after intravenous and intracapsular injections. He states that intrave- 
nous and intracapsular injections yielded similar staining of the tubule 
cells in all cases. However, since his results have been published only in 
abstract, it is not possible to discuss them at present. 


SUMMARY 


tesults have been obtained by injecting certain dyes intraperitoneally 
and intravascularly in Necturus which show that when these dyes are 
allowed to get into the lumen of the renal tubule through nephrostomes, 
they are not absorbed by the cells of any portion of the tubule. When they 
reach the kidney through the blood stream, the proximal tubules are defi- 
nitely stained by them. They disappear from the cells of these tubules 
simultaneously and proportionately as they disappear from the urine. 
Certain features in the behavior of toluidine blue are noted and reference 
made to the functional significance of nephrostomal tubules. 


Grateful acknowledgment is due Dr. E. K. Marshall, Jr., for assistance 
in connection with the investigation. 
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Since the early observations of Sezelkow (1862) and of Ludwig and 
Schmidt (1868), a large number of researches have been carried out upon 
the gaseous exchanges of isolated perfused muscle. The literature of this 
extensive subject has been reviewed by Bareroft (1908) and by Verzidr 
(1916), and it is not our intent to enter into a resumé of the preceding work, 
save as it bears a pertinent relation to our own. For the most part, the 
investigations have had as their goal a study of the effects of temperature 
of tonus and contraction, of changes in blood flow and blood pressure, 
etc., and little attention has been paid to the effect upon the metabolism 
of adding utilizable foodstuffs to the blood streaming through the tissue. 

That the metabolism of foodstuffs within the organism may exert a 
profound influence upon the heat production and oxygen consumption of 
the intact animal has been abundantly proved. Both fats and carbo- 
hydrates, when ingested, may cause an appreciable increase in the total 
resting metabolism. But protein and certain of the constituent amino 
acids of protein (namely, glycine and alanine) have been shown to be 
stimulators of oxidation par excellence, mainly through the investigations 
of Rubner and Lusk. The evidence is clear that when an amino acid, 
such as glycine, increases the heat production of an animal, it does so 
not by its own combustion, with the evolution of “extra” heat, but by an 
actual spurring of the body cells to increased activity. This was estab- 
lished by Lusk (1915) when he showed that the specific dynamic action of 
glycine was as demonstrable in a phlorhizinized as in a normal animal 

The seat of this stimulating action in the body, however, remains 
obscure. There is ample negative evidence that it is not in the gastro- 
intestinal tract, and the fact that glycine, when injected parenterally 
Krzywanek, 1923; Weiss and Rapport, 1924) can still increase the heat 


production, lends positive confirmation to this conception. We are still 
at a loss, nevertheless, to know /, whether this peculiar susceptibility of 
cellular oxidation to the stimulating action of glycine is widespread 
throughout the organism; 2, whether its control is central and dependent 
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upon the integrity of the animal as a whole, or peripheral and local. Evi- 
dence upon these points is conspicuous by its meagreness. In a recent 
paper, Baker and Carrel (1926) have shown that while amino acids do 
not promote fibroblast growth, they do stimulate cell migration and 
possibly multiplication, indicating an apparent activation of cell metab- 
olism. On the other hand, Lusanna (1911) studying the respiration of 
minced liver and muscle, found that alanine had no effect on the CO, 
production and OQ. consumption, while glycine (as well as other amino 
acids) in a concentration of 0.08 per cent, actually had a depressant 
effect. reise (1913), in the course of an investigation of respiration in 
the perfused liver, made an isolated observation on the effect of adding 
glycine to the perfusing fluid and found that the CO» production was 95.38 
mgm. per kgm. per minute, as compared with an average of 96.96 mgm. 
in the control livers. The use of CO. production under these circumstances 


as an index of oxidative exchanges is in itself open to grave criticism, 
but when it is further noted that the average of the control readings is 
arrived at from figures ranging from 54.74 mgm. to 192.48 mgm. per kgm. 
per minute, it is obvious that the experiment is necessarily inconclusive, 


even as regards the liver. 

It has been our purpose in the present research to study the questions 
advanced above, using the technique of the isolated perfused muscle. 
The evidence that we have obtained indicates that glycine exerts a power- 
ful stimulating effect on the oxidations within the muscle cells, even when 
the tissue is entirely removed from the body. It follows as a corollary 
that the specific dynamic action of glycine can be controlled peripherally. 
It is true that in addition to this local mechanism, a central influence 
(e.g., through nervous channels) may be admitted as a possibility, but it 
need not be postulated in the absence of specific proof. 

TecHNIQUE. In perfusing the dog’s hind leg, it was necessary, first of 
all, to conserve the free entrance of blood to the muscles, and particularly 
to allow a free venous return; and secondly, to prevent bleeding. We 
accomplished these results by means of the following operation. With 
the animal under light ether anesthesia! we made a circular incision through 
the skin midway up the thigh, cut through and ligatured both ends of all 
of the thigh muscles (leaving the lower stumps as short as possible); 
isolated the femoral artery and vein, tying all branches to the thigh 
muscles below the profunda; tied off the saphenous artery and vein near 
their junction with the femoral vessels, and ligatured every observable 
bleeding point in the fascia and cut skin of the distal portion of the leg. 


1 We used ether anesthesia lest the possible depressant effects of a non-volatile 
anesthetic should persist in the perfused preparation. In a recent communication, 
published since this work was done, Guttmacher and Weiss (1926) have observed the 
abolition of specific dynamic action in an animal under urethane. 
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This last, while laborious, is essential if bleeding is to be prevented, or at 
least reduced to an occasional and inconsequential oozing. We then 
sawed through the femur at a point about one inch above the knee, and 
after scraping out the marrow, stuffed the cavity of the distal stump 
tightly with absorbent cotton. As an additional precaution against 
bleeding, we lightly touched the lower ends of the cut thigh muscles, and 
the exposed skin and fascia, with a cautery. The operation has these 
advantages: that the perfused muscles are not handled, that they are 
left intact with skin covering, and that they show no edema even after 
perfusion for as long as 53 hours. It may be argued that tissues other 
than muscle are being perfused. For our purposes, this is not important, 
as the metabolism of the skin, fat and bone in this region may be considered 
as constant and negligible. We will assume this to be true, and hereafter 
regard the metabolism of our preparation as being that of the muscles 
contained therein. 

While the operation, which usually consumed about 1} hours, was being 
completed, blood which had been obtained from another dog the same 
morning, defibrinated, and kept on ice, was introduced into the perfusion 
apparatus. The latter was constructed by Doctors Katz and Banus for 
another purpose, and will be described in more detail by them in a 
forthcoming paper. It consisted in the first place of a pump—a rubber 
bulb, rhythmically compressed, and arranged with valves to throw the 
blood through a worm in a water bath into the muscle. The venous return 
went to an artificial “lung” (a large glass bottle) where, dripping against 
a revolving vertical slotted rod, it was finely sprayed against the sides of 
the bottle, and flowed in a thin film into the reservoir beneath, whence 
it passed to the pump. The bottle, which had a capacity of 4 liters, did 
not at any time contain more than 600 ce. of blood. Air was circulated 
through this “lung,” and enough CO» was added from a tank so that the 
“expired” air could be held at a constant CO, tension, throughout a given 
experiment, of from 35 to 40 mm. Hg. 

Practically the whole apparatus was enclosed in a well insulated box, 
the temperature of which was controlled by a thermostat. It was, of 
course, essential for comparable metabolism results that the temperature 
of the ‘‘arterial’’ blood should be kept constant. The greatest deviation 
in any experiment was 0.5°; for the most part, the variation was not 
more than 0.2°, and this source of error, therefore, could properly be 
disregarded. 

The mean “arterial’’ blood pressure was measured by a mercury ma- 
nometer. We endeavored as far as possible, consistent with an adequate 
blood flow, to keep this pressure constant. We felt safe, on establishing 
blood flow, in permitting the blood pressure to reach a level anywhere 
between about 60 mm. and 120 mm. Hg. As a rule, it was between 60 
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and 90) mm. Having reached this level, there was very little alteration 
in a single experiment. We would have felt suspicious of a rising blood 
pressure, as indicating a blocking of the venous outflow. 

In the “vein” between the muscle and the “lung,” a calibrated hori- 
zontal side tube was introduced to measure blood flow. When such a 
measurement was desired, the tube was opened to the air by turning a 
stopcock, which automatically made a contact through a magnet, shutting 
off the return of blood to the “lung.’’ The flow per minute was deter- 


mined by observing the time necessary for the tube to fill to the 2 ce. 


mark. 

We determined the metabolism by taking simultaneous samples of 
arterial and venous blood at stated intervals (usually 1 hour apart) and 
analyzing for CO. and O.. These samples were withdrawn from the 


rubber tubing of the “artery” and “vein” by syringes, the needles of 
which were filled with paraffin oil. The samples thus obtained were 
transferred to and preserved under oil in test tubes that were immersed 
in cracked ice. The CO, and O, content were determined by the method 
of Van Slyke and Neill (1924). Our earliest samples were not taken 
until about 1 hour after the perfusion of the muscle was begun. We 
felt that it was advisable to allow this length of time for adjustment of 
temperature, blood flow, blood pressure and CQO, tension in the “lung”’ 
to constant levels. 

Under no circumstances did we take a sample of blood unless these 
factors had been constant for at least 15 minutes, in order that the gas 
analysis might depict as nearly as possible the true gaseous exchange of 
the tissues at that time. This precaution was particularly necessary in 
regard to the blood flow. 

The perfusion lasted from 4 to 53 hours. The muscles, at the end of 
that time, always appeared normal to gross inspection. Their color was 
good and there was no apparent edema, a point to which we have already 
alluded. We observed, however, a tendency for the arterial blood to 
become darker in color as the experiment continued, nor was this neces- 
sarily accompanied by an appreciable decrease in the O, content. We are 
at a loss to account for this phenomenon. It may be a function of methe- 
moglobin production. This, however, is purely speculative. 

EXPERIMENTAL RESULTS. 1. The O2 consumption of resting muscle: 
A consumption of oxygen as low as 0.0013 ce. per gram per minute has 
been observed by Rubner (1885) in mammalian muscle. Other investi- 
gators have noted as high as 0.0096 cc., as will be seen in the accompanying 
table. Our results are of the same order of magnitude as those of earlier 
investigators. We have seen, as have others, considerable differences in 
the taking up of oxygen by different muscles—a variation of from 0.0024 
to 0.0093 ec. per gram per minute. These figures refer to the earliest 


readings in a particular muscle, that is, 
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the perfusion was begun. 


\. Frey 


of a perfused muscle as the perfusion continues, observing that it is particu- 
larly in evidence when the temperature is high 
probably accounts in part for the lowness of the QO», consum 


by Rubner 


same experiment. 


with time. 


muscles perfused with whole blood there was a steady lowering of 
metabolism, so that at the end of 4 hours the O. consumption was from 15 
per cent to 50 per cent below the original, the average fall at this time 
amounting to about 36 per cent. We are obliged to regard this 
reaction of a dying muscle, in which the oxidative processes are gradually 


slowing up. 


tubner 


Chauveau and Kaufmann 


Verzdr (1912 


lreund and Janssen 


this rule. 


whence it dropped to —10.9 per cent at the end of 5 hours, 50 minutes. 
In one of the control experiments, the animal died before we removed the 
muscle from the body. In this instance, the decline in oxygen consump- 
tion was more marked than in any of the other muscles, reaching 
per cent at the end of 3 hours. 
this experiment later. 


V. Frey (1885 


Rapport and Katz 
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has called attention to the drop in the ©. consumption 


He himself observes that 
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We have observed the same phenomenon (fig 
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1923 


are given in table 2. 


Meyer (1913) and Wishart (1915) have shown that skeletal muscle can 
take up amino acids from the circulating blood, and Van Slyke’s evidence 
indicates that these acids are not heaped up in the tissue, but are either 
oxidized or synthesized into protein almost as rapidly as they are taken up. 

In 4 experiments, 5 grams glycine (Kahlbaum) in 25 ec. water were 
injected into the venous blood, about 1 hour after the perfusion was begun, 


In that case the metabolism was, at 
the beginning of perfusion, 8.5 per cent higher than the original value, 


O2 Consumption in resting mammalian muscle 


ANIMAL 


We observed, in seven experiments, only one exception 


Dog 0.0029 

Dog 0.0013 

Horse 0.0028-0.0079 

Cat 0.0045 
0.0050-0.0096 


Dog ( 


t hours 10 minutes after 


We shall return to a consideration of 
The detailed data in regard to these observations 


2. The effect of adding glycine to the perfusing blood: Van Slyke and 
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and immediately after the taking of the first sample for analysis. The 
glycine was thoroughly mixed with the blood in the “lung,” and the 
perfusion continued as before. 


2Q; Consumption 


ad 


th hours 


Fig 1. The oxygen consumption of the isolated perfused leg muscles of the dog. 
Dash lines represent the consumption in muscles perfused with whole blood. The 
heavy line B is the average of these results. Dot-and-dash lines represent the con- 
sumption in muscles perfused with whole blood to which glycine has been added. 
The heavy line A is the average of the latter observations. The curves X and Y 
were obtained from muscles removed from the body within 5 minutes after the death 


of the animal. 


The contrast between the curve of O. consumption in these experiments 
and that obtained in the controls is striking (fig. 1 and table 3). Instead 
of the steady fall in the utilization of O, seen in the latter, there was in 


4 
A 
| | 
| 
+ 
| 
| _ xe 
| 
| > | } 
| 
4 


OF PERFUSED MUSCLE 


METABOLISM 


AND 


GLYCINE 


Apoqg SUM 
pPVop 


+99 O = 
SINOY 4B 


sod uondumsuod 
‘09 


‘urm rod uondumsuos 


you saposnyy 


sad 


NOLL 
-dWO8NO9 
NI 
aONVHO 


S700 


O€00 
OLO00 


6700 


0900 


£900 
£600 


ININ 
WVHD 


«P0079 n pas? 


dxq 0} Bq 4 


0700 
2200 


9000" 


1700 CL LE 


é 
C1000 6F TE 
6c00 £0 0€ 


0c00 


26000 | > 6 Ajne 


oz Ajne 


1LANIN 
|, 
-Vudd 


GAWIL -W4L 


IM) 


sajosn Jy 
tu VL 


= oc occ o- 
= 
Zoe 
ooc — — — occ — — 
bz 
& n~ 
Of ES S. 
at awn aw o 0 
2 
“a” ad 
a > * 
= = 
j 
) 
} 


KATZ 


N. 


L. 


AND 


= 


D. 


uayeys 
sem ojjodid 
URA 
ay ‘pe | [Bld 
JO SISA 


}SB] ul 


ALVA 


ul 


Ap 
poAoWod SEM 


polp 


SYUVNAU 


NOL 
dWISNO 

() NI 

IONVHO 


OLO00 


SP00 


#900 
6F00 


€L00 
6500 
9900 


« 


6FOO 


FE00 


INIW 
WVUD 


06 TE 


snjpd poojg 


£ 


INTOA' 


908 “MOU po 


& 


G 


SNINY 


ysnsny 


192 
| | | 
=x = x = = 
~> §2 cocc occ 
soe = = 
> — =o Noose 
Ss mane NNN O 
ion : S — — — — 
~ =z 
tian NN O DNS ONNA 
ty ty © © t= t= © t- t- t= 
ao — = 
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the glycine experiments a definite increase in metabolism 
observations this increase was marked, amounting, on the averag 
about 25 per cent at the end of an hour, and to over 55 per ce 
end of 2 hours after the injection of the amino acid. In two 


experiments, the QO. consumption continued to rise, reaching a figure of 


91 per cent above the original level at the 4th hour in one case. In experi- 
ment 12 there was apparently a fall after the 3rd hour, for the blood analy- 
sis of the 4th hour showed an increase in the O2 of only 32 per cent. In 
this analysis, the mechanical shaking device of the Van Slyke apparatus 
broke down, and a part of the shaking had to be done by hand. It is 
conceivable that this may have introduced an error, although the observer 
attempted as far as possible to imitate the mechanical shaking 

In one experiment (no. 9) the animal died at an unknown time (less than 
5 minutes) before the muscle was removed from the body. In this in- 
stance, the first analysis, 44 minutes after glycine was introduced into 
the system, showed a decrease of 10.5 per cent in the 0. consumption 
Thereafter, however, the Os, intake rose until, 2 hours later, it was 11.9 
per cent, and 3 hours later, 18.8 per cent above the original reading. 
This curve may be compared with the curve to which we have already 
alluded, of a muscle removed from a dead body (expt. 7) and perfused 
with blood containing no glycine. In the latter case, we observed a 
decline in the consumption of O2 which is more rapid than in any other 
muscle perfused similarly. It is noteworthy that while at first the gly- 
cine perfused muscle of experiment 9 also showed a tendency toward a 
dropping metabolism, the effect of the glycine was ultimately to counter- 
act this, and to stimulate the cells to a metabolism actually greater than 
that associated with their original degree of activity. 

It might be argued that the falling O. consumption of the muscle when 
perfused with whole blood was due to the using up of the oxidizable ma- 
terial, such as glucose, and that glycine supplied that lack. ‘This would 
hardly account for the actual increase of the cell metabolism above the 
original level when glycine was introduced. In any case, however, and 


quite apart from the supply of such material in the muscle itself, which 


is in all probability adequate, it can be shown by a simple calculation 
that the blood used would furnish more than enough glucose to account 
for the consumption of oxygen by the tissue. Thus, the combustion of 
1 gram of glucose would require 746 cc. Oo. The maximum consumption 
per minute in any of our experiments was 0.7608 cc. In 4 hours at this 
rate the consumption would have been 182.59 ec., which would represent 
about 0.25 gram glucose. We used about 500 ec. blood for perfusion. 
Assuming the concentration to have been 0.1 per cent, there would have 
been ample for the needs of the tissue provided sugar alone were burned. 

It seems clear, therefore, that glycine exerts a profound influence upon 


These 

+ 

These 
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the metabolism of muscle completely isolated from the rest of the body.* 
This is particularly striking in our experiments, in view of the constant 
tendency for the muscle perfused with whole blood to show a decreasing 
metabolism with the passage of time. We are, therefore, confronted by 
cells whose oxidative power is decreasing, but which, in the presence of a 
large amount of glycine, are spurred to an activity considerably greater 
than they were capable of at the beginning of the experiment, and even 
more in excess of what they might have been expected to betray had not 
glycine been added. 

The specific dynamic action of glycine accordingly affects directly the 
tissue whose metabolism is thereby stimulated, and does not require the in- 
tervention of a central mechanism outside of the tissue. Whether or not 
this also applies to the stimulating action of other amino acids, as for 
example alanine, and to that of proteins, is an open question; generaliza- 
tion would be hazardous. 

3. The factor of blood flow and the oxygen supply: The important ques- 
tion of the rdle of the oxygen supply to the tissue as a possible limiting 
factor in oxidations arose in the course of this work. It involved, from 
our point of view, a consideration of the blood flow and of the O2 content 
of the arterial blood. Verzdr (1912, 1920) has stated that the less the 
circulation through a muscle, the less the consumption of O. by that 
muscle. Nakamura (1921) was unable to confirm this. On reducing the 
blood flow through the leg muscles of the cat from 4.95 to 1.67 ec. per 
minute (in one case from 7.0 cc. to 0.29 ec.) he found no change in the 
consumption of oxygen. Moreover, Barcroft and Miiller (1911) increased 
the flow through the submaxillary gland tenfold by means of yohimbin 
without increasing the amount of O, taken up. Nakamura criticizes 
Verzir’s technique, which involved exposure of the muscle. Perhaps an 
even more important criticism would be the short duration of the experi- 
ments. Within 10 or 12 minutes, the blood flow was changed as much as 
200 to 300 per cent (in one case 500 per cent in 17 minutes). Under 
these circumstances, it is questionable whether the blood gas analyses are 
a true criterion of the muscle metabolism at a given time. Elias (1913) 
has pointed out that } hour is necessary to obtain equilibrium in a perfused 
muscle. 


2 In making the above statement one factor is overlooked, namely, the perfusing 
blood itself. The evidence indicates that shed blood has a negligible metabolism, 
and there is no proof that the blood in the body has a metabolism of an order of 
magnitude that would make it a factor to be reckoned with. Still more obscure is 
the possibility of specific dynamic action affecting this doubtful degree of oxidation. 
We do not, in fact, know whether amino acids can penetrate the red blood cell. 
Nevertheless, it is possible that a stimulating action on the oxidation of the red cell 
takes place, and that this effect might have to be deducted from the quantitative 
results we have given. It is probeble, however, that this error is very small, even if 
it exists. 
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rAB 4 
Relation of blood flo and O2 content to Os consumption. VW 
EXPERIMENT WEIGHT OF BLOOD FLOW PER oO 
NUMBER MUSCLE MINUTE 
grams 
3 93 20 15.46 0.0332 
26.4 14.22 0.0556 12 
22.2 12.81 0.0254 2 
4 97 25.0 17.35 0.0447 
98.5 13.76 0.0405 27.7 
25.0 10.76 0.0277 63.8 
6 88 6.7 16.68 0.0127 
10.0 16.01 0.0182 —13.2 
7.2 18.27 0.0149 15.3 
7 59 12.5 13.77 0.0292 
9.5 12.30 0.0198 —56.6 
8 59 4.4 19.38 0.0145 
6.7 15.90 0.0181 +8.5 
4.7 11.30 0.0090 10.9 
13 82 9.1 15.85 0.0176 
11.8 14.84 0.0214 16.4 
9.5 12.66 0.0147 50.0 


Muscles perfused with whole blood and glycine 


9 83 8 


7 17.95 0.0188 
8.7 16.78 0.0176 10.5 
11.8 18.11 0.0253 +11.9 
11.8 16.20 0.0230 +18.8 
10 79 10.5 17.95 0.0239 
12.5 10.25 0.0162 +32.2 
10.5 10.11 0.0134 +-47.0 
6.9 5.46 0.0047 —46.2 
11 110 6.7 19.42 0.0118 
8.0 17.49 0.0127 +21.0 
8.3 17.56 0.0133 +91.6 
12 82 16.7 18.39 0.0375 
14.3 14.93 0.0260 +-30.7 
13.3 14.59 0.0236 +65.9 
13.3 13.02 0.0211 +32.1 
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It was necessary for us to observe whether our results might be ex- 
plainable on the basis of a change in blood flow or O. tension. Table 4 
shows the relation between the OQ. content of blood passing through 1 
gram muscle per minute and the O, consumption of the tissue. It will 
be seen that there is no constant relationship. The tendency of the 
metabolism to fall in the muscles perfused with whole blood was not in 
any sense a function of the velocity or O, content of the blood. In experi- 
ment 7, it is true, a single high reading was associated with an increased 
O. content, but in experiments 3, 6 and 13, the metabolism fell in spite 
of the fact that more oxygen was contained in the blood. Moreover, 
there was no apparent relationship between the per cent change in Oz, 
consumption, at a given time in a particular muscle, and the O» content 
of the blood. 

In the experiments where glycine was added to the perfusing fluid this 
lack of correspondence was again evident. Thus, in experiment 12, the 
metabolism was 65.9 per cent higher than the original level when the 
blood circulating through 1 gram of muscle per minute held 37 per cent 
less Oo. Comparable changes in the O2 content (as in expts. 4 and 12) 
were accompanied in the control experiments by a fall, in the glycine 
experiments by a rise in metabolism. 

In one observation, the final one of experiment 10, there did seem to 
be a causal relationship between the drop in the volume flow and Os» 
content and the O2 consumption. Here a steady rise in the metabolism 
to + 47 per cent was abruptly succeeded by an O, consumption of —46.2 
per cent. This was accompanied by a fall in the blood flow, and by a 
reduction of the blood O, to 5.46 vols. per cent. 

It would be beyond the scope of this paper to review the literature on 
the subject, but in the intact animal evidence exists to show that a con- 
siderable drop in the OQ. content of the blood can take place without 
affecting the O. consumption. Below a critical level, the first reaction of 
the body is towards an increased metabolism, due probably to heightened 
respiratory and cardiac activity, and it is only at very low tensions of O» 
in the blood that a definite fall in metabolism occurs. As Verzdr (1920) 
has pointed out, it does not follow that this is true in isolated tissue. 
Ludwig and Schmidt (1868) showed that a drop in the QO, of the blood 
from 15 vols. per cent to 0.62 vol. per cent, is accompanied by a 
marked diminution in oxygen usage of an isolated tissue. Verzsr himself 
has attempted to show that the metabolism is a function of the Os» con- 
tained in the perfusing blood. At low levels of the latter, his evidence is 
striking enough, at high levels it is not so clear. For example (p. 244, expt. 
4, loc. cit.) a fall in blood O, content from 21.6 to 11.7 vols. per cent is 
accompanied by a decrease in O. consumption of less than 10 per cent. 
When the O, content drops to 8.1 per cent, however, the fall in metabolism 
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is more marked. There is no doubt that if the supply of 02. be reduced 


to a point low enough it can act as a limiting factor and lessen oxidatior 
It is probable that in experiment 10 the critical level was passed 
glycine no longer stimulated the cell because the lack of 0, prevented 


oxidation. Since for our purposes we regarded this as artefact, we hay 
excluded it from the curve in figure 1. 

As in the ease of Oo, so changes in the CQO. content of the arterial blood 
can likewise be ruled out as a factor in affecting the ©. exchanges, for 
again no constant relationship is discernible (ef. tables 2 and 3 

4. The respiratory quotient: Perhaps the most striking thing about the 
respiratory quotient obtained by methods such as the one we adopted is 
its variability. Rubner (1885) made two observations (at a temperature 
of 38.2° and 39.5°) and found R.Q:s. of 0.73 and 1.10. At lower tempera- 
tures he observed quotients as high as 3.5. Chauveau and Kaufmann 
(1886) obtained R.Q.s. of 1.3 to 1.7. Hill and Nabarro (1895, 1902 
noted variations from 0.7 to 1.8, and Zuntz (1878) in experiments on the 
tonus of muscle saw quotients of 0.1 to 1.1. In a recent brief note, Him- 
wich and Castle (1926) state that the average of 19 determinations of 
the R.Q. of perfused preparations was 0.71 + 0.10. 

Like many of the older investigators we have obtained bizarre quo- 
tients, ranging from 0.25 to 1.14 (tables 2 and 3). These quotients 
undoubtedly possess some significance, but their relation to oxidative 
metabolism is not clear. Rubner (1885) postulated a possible anaerobic 
production of COs, and states that the R.Q.s are unexplainable according 
to the ordinary oxidation of the foodstuffs. (CQO. production, he says, is 
affected by other things than O. consumption. V. Frey (1885) concluded 
that the COs content observed in the venous blood was due not only to 
oxidative metabolism but also to the driving out of CO, from the tissue 
by the production of fixed acids. As Barcroft (1998) points out, every 
discussion of the relation of the R.Q. to metabolism postulates that the 
gas content of the muscle remains unchanged. There is certainly no 
reason to believe, in the case of COs, that this is true. It is clear that 
the individual quotients which we obtained cannot be correlated with 
the known facts in regard to the combustion of proteins, fats and carbo- 
hydrates. By averaging the R.Q.s in certain of the control experiments 
(table 2) it is possible to obtain results concerning which conclusions 
might be drawn as to oxidations in resting muscle. For example, in 
experiments 3, 6 and 7 it might be said that fat was being burned. But 
it is evident that such an average would not be permissible. We are in 
reality confronted by the fact that the apparent production of (Os, as 
measured by blood analyses, is a component of unknown variables, and 
that deductions in regard to the relation of the R.Q. to the combustion 
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of foodstuffs or combinations of foodstuffs, in this type of experiment, are 


of little value.® 
SUMMARY 


1. A preparation is described for the study of the metabolism of an 
isolated hind leg in the dog, perfused with whole blood from another dog. 

2. The arterial and venous blood of the muscles were analyzed for CO, 
and O2 by the method of Van Slyke and Neill. Care was taken that the 
temperature, blood flow and blood pressure should be constant for at 
least fifteen minutes before the taking of any sample for analysis. The 
CO, tension of the air with which the blood was equilibrated in an arti- 
ficial ‘‘lung’’ was kept the same throughout the experiment. 

3. The oxygen consumption of a resting group of muscles perfused 
with whole blood was between 0.0024 and 0.0093 cc. per gram per minute. 

4. The oxygen consumption in muscles perfused in this way gradually 
diminished, reaching an average level at the end of 4 hours of about 35 
per cent below the original metabolism. 

5. When 5 grams glycine were added to the perfusing blood the O, 
consumption, instead of falling as in the control muscles, rose markedly, 
in 3 experiments the rise continuing for more than 3 hours, while in the 
4th the metabolism began to fall after the 2nd hour. 

6. The increased oxidation after adding glycine is not due to the fact 
that the control muscles do not have a sufficiency of oxidizable material, 
a lack which the glycine would supply. 

7. The rate of blood flow and the O, content of the arterial blood bear 
no constant relationship to the amount of O2 consumption. In the con- 
trol experiments a fall in metabolism may be associated with an increased 
supply of O, brought to the tissue, in the glycine experiments a rise in 
oxygen consumption may be accompanied by a decreased Oz transport in 
the arterial blood. This was true only above a certain critical level, for 
in one observation a very low blood flow and O2 content (5.46 vols. per 
cent) were apparently the cause of a falling metabolism. The O2 content 
of the blood flowing through 1 gram muscle per minute in this instance 
was 0.0047 ec. 

8. It is concluded that glijcine acts as a powerful stimulator of the cell 
metabolism in an tsolated perfused group of muscles. 

9. As a corollary to the above, it is further concluded that the specific dy- 
namic action of glycine is a direct effect upon the cells of the tissue stimulated, 
and that no central control mechanism outside of the tissue need be postulated. 


* We were at pains to keep the CO, tension of the air in the artificial lung constant 
at 35 to 40 mm. Hg. In experiment 10 (table 3) by accident, the tension of CO, 
increased to a high level. In this experiment there was actually less CO, in the 
venous than in the arterial blood after the first observation, indicating an absorption 
of the gas by the muscle at the high tension existing. 
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10. The respiratory quotient, as an index of the oxidative metabolism 
of different foodstuffs, is found in this type of experiment to be totally 
unreliable. While averaging the results obtained during a single experi- 
ment might appear in some instances to entail significant conclusions, this 
is not justifiable, on account of the wide variation in individual readings 


The CO, of the venous blood coming away from isolated perfused muscles 
is not a true criterion of oxidation. 


BIBLIOGRAPHY 


BakER, L.E.anp A.CarreL. 1926. Journ. Exper. Med., xliv, 397 

Barcrort, J. 1908. Ergebn. d. physiol., vii, 699 

BaRCROFT, J. AND F. MUuier. 1911. Journ. Physiol., xliv, 259 

CHAUVEAU, A. AND M. Kavurmann. 1886. Compt. Rend. Acad. Sci., cliii, 974 


1057, 1153. 
Evias, H. 1913. Biochem. Zeitschr., lv. 153 
FREISE, E. 1913. Biochem. Zeitschr., liv, 474 
FREUND, H. ann S. JANSSEN. 1923. Pfliiger’s Arch., cc, 96 
GUTTMACHER, M. 8. anv R. Wetss. 1926. Proc. of the XIIth Internat. Phys 
Congress, Stockholm. 
Hitt, M. B. anp D. V. NaBarro. 1895. Journ. Physiol., xviii, 218 
1902. Journ. Physiol., xxviii, 220. 
Himwicnu, H. E. anp W. B. Castie. 1926. This Journal, Ixxvi, 18S 
KrzYWANEK, I’. W. 1923. Biochem. Zeitschr., exxxiv, 500 
LupwiG, C. anp A.Scumipt. 1868. Arb. a.d. physiol. Lab. Leipsig, iii, 1 
Lusanna, F. 1911. Compt. Rend. Soc. Biol., xx, 838 
Lusk, G. 1915. Journ. Biol. Chem., xx, 539. 
NaKAMuRA, H. 1921. Journ. Physiol., lv, 100 
RusBNER, M. 1885. Arch. f. Physiol., p. 38. 
SczELKkow. 1862. Sitzungsb. d. k. Akad. d. Wiss. Wien., xiv, 199 
Van Stryke, D. D. anp G. M. Meyer. 1913. Journ. Biol. Chem., xvi, 19% 
Van Stryke, D. D. ann J. M. Netty. 1924. Journ. Biol. Chem., 523. 
VerzAr, F. 1912. Journ. Physiol., xliv, 243. 
1916. IKrgebn. d. physiol., xv, 1. 
1920. Pfliiger’s Arch., elxxxiii, 23: 
V. Frey, M. 1885. Arch. f. Physiol., p. 533 
Welss, R.anp D. Rapport. 1924. Journ. Biol. Ck 
WisuHart, M. B. 1915. Journ. Biol. Chem., xx, 53: 
Zuntz, N. 1878. Berlin. Klin. Wochenschr., p. 14 


2 
) 


SUSCEPTIBILITY OF ALBINO RATS TO TETANUS TOXIN 
FOLLOWING ADRENALECTOMY! 


J. M. ROGOFF ano E. E. ECKER 


From the H. K. Cushing Laboratory of Experimental Medicine and the Department of 
Pathology, Western Reserve University 


Received for publication October 22, 1926 


The probability of an antitoxic function is among the earliest theories 
arising from experimental investigations on the adrenal glands. A number 
of attempts have been made to prove that certain drugs and bacterial 
poisons are destroyed through the influence of the adrenals and that in the 
absence of the glands such poisons exert a much more powerful toxic action. 
Most of the reports in the literature on this subject are based upon experi- 
ments that could not have yielded reliable information. 

Numerous papers, dealing with results obtained on adrenalectomised 
animals, betray a lack of appreciation, on the part of the investigators, 
of the importance of adequate surgical technique for such experiments and 
illustrate how easily faulty interpretations can be made and unwarranted 
conclusions accepted. Such articles would scarcely merit mention were it 
not for the fact that some recent writers find in them support for their 
own work. It is, therefore, desirable again to point out, what ought to be 
perfectly obvious, that these papers contribute little or nothing of value to 
our knowledge of adrenal function. This has been emphasized in a recent 


review by Stewart (1924). 


Abelous and Langlois (1892) destroyed the adrenals in frogs and in guinea pigs 
It would be difficult to be sure that all the adrenal tissue is re- 


by actual cautery. 
In guinea pigs they found that the use of anesthesia 


moved by such a procedure. 
resulted in death of so many animals, even after ablation of one adrenal, that for a 
Abelous (1895) undertook to prove 


long time they renounced the use of anesthetics. 
He reported two series of experi- 


an antitoxic influence of the adrenals to atropine. 
ments consisting of two frogs each. One frog in which both adrenals were destroyed 
and another in which the left gland was partially cauterized received the same dose of 
atropine. They died at the same time. In the other two frogs the liver and adrenals 
were removed in one and the liver only in the other. A dose of atropine was admin- 
istered to each and death followed in 4} and 2} hours after the operation. They are 
satisfied, from these experiments, that atropine is more toxic after ablation of the 
adrenals. Langlois and Charrin (1896) were unable to show any difference in sus- 


1 A preliminary report of this work was presented at the meetings of the Federated 
Societies for Experimental Biology held in Cleveland, December, 1925. 
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ceptibility between unoperate d and wu ferally adrenaiectomised guine 
virulent cultures of B. pyocyaneus 

Oppenheim (1901) found no difference between u ate j adrenale 
unoperated guinea pigs in susceptibility to tetanus toxin andtoanthrax. ha 
of experiments consisted of two or three operate d anda like number of ur 


animals. With pneumo-bacillus of Friedlander he reported a lowered resistance afte 


unilateral adrenalectomy, on the basis of the following experiments: 

and two control guinea pigs were injected with a culture of pneumo-bacilli. Or 
operated animal died in 17 hours, the others survived. Twenty days later the remat 
ing three animals were given another dose of the culture; one control died in 20 hou 
the other two animals survived. Fifteen days later the remaining two anima f 
operated, the other control) received a third dose of the culture; both survived We 


believe further comment unnecessary. His conclusion that adrenalectom 
resistance to diphtheria toxin has just as little foundation 

Camus and Porak (1913), working with rabbits, arrived at the perfectly safe con- 
clusion that in partial adrenalectomy the resistance to curare may be diminishe 
unaltered or increased. In total adrenalectomy it is always diminished during 24 
hours following the operation. Of 10 operated rabbits they report only one in which 
total adrenalectomy was performed; the others were either partially adrenalecto- 


mised or the glands injected with fatty acid. An indication of their surgical results 


can be seen from the two rabbits constituting group 5 of their series. Both anima 


were partially adrenalectomised; in the evening one died ‘‘spontaneously,’’ the other 
after a small dose of curare. 

Marie and Morax (1914) claimed an increased susceptibility to tetanus toxin, 
after adrenalectomy, in one guinea pig, although in another, in which autopsy re- 
vealed that adrenalectomy was incomplete, the same dose was inactive. A number 
of other papers, some quite recent, could be mentioned, but these will suffice to dem- 
onstrate the quality of experimental evidence that is convincing to some writers 
Such articles can only render suspect the work of anyone who finds in them support 

Rogoff and De Necker (1925) investigated the alleged increase, of 400 to 500 times 
in susceptibility of adrenalectomised white rats to morphine and found no foundation 
whatever for such a claim. A recent writer (Jaffe 1926) seems to take exception to 
their conclusion. He states, ‘‘Rogoff and his co-workers report no significant change 
in the tolerance to morphine or tetanus toxin following suprarenalectomy, but the) 
tested tolerance to substances which are extremely toxic even to normal rats. Their 
conclusions may be disputed, particularly in regard to morphine, if Table 1 of a 
recent paper (Rogoff and De Necker) is analysed. Of sixty-five animals injected 
between eight and thirty-six days after suprarenalectomy with doses of this drug 
ranging from 0.1 to 0.25 mgm. per gram body weight, which is less than the minimum 
lethal dose for normal rats, forty-four or about 67 per cent were killed.”’ 

His criticism is indeed remarkable. It is true that the substances tested are quite 
toxic to rats, but we can see no object in testing the toxicity of non-toxic substances 
We find it difficult to understand why he selects only a little more than half the ani- 
mals given in the table, to point out that about 67 per cent died following adminis- 
tration of morphine. If one is inclined to do so he could select a group from the table 
that would show a death rate of more than 80 per cent. But this is unnecessary, for 
if the percentage death rate following administration of morphine impresses him as 
strikingly high,why not include the entire table? The results will not vary materi- 
ally from his figures. Out of 114 adrenalectomised rats that received morphine 72 
(about 63 per cent) died. In discussing this question on the basis of percentage 
death rate, however, we must not overlook, or conceal, the fact, which is quite well 
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established, that about 50 per cent of all rats die after complete adrenalectomy, even 
if no poison is administered. In reality, therefore, only about 10 to 15 per cent addi- 
tional were killed by morphine administered in doses ranging up to the lower limit 
of the M.L.D. for unoperated rats. It is amazing to find that this does not impress 
him, and that this writer quotes, without comment or criticism, Lewis’ report of 
an increase in susceptibility to morphine of 400 to 500 times, although about 37 
per cent of adrenalectomised rats, published in the table under discussion, survived 
doses of morphine ranging from 10 to 250 times the dose that is considered by Lewis 
as fatal. 

The statement, made by Jaffe, that Rogoff and collaborators ‘‘state that, if tested 
after having fully recovered from the immediate operative effects, suprarenalec- 
tomised rats do not show increased susceptibility to toxins and drugs,”’ is incorrect. 
We have always had an open mind on the question and would be quite prepared to 
accept a report based upon convincing experimental evidence. We have, thus far, 
investigated only morphine and tetanus toxin and are convinced that adrenalectomy 
does not materially alter the susceptibility in rats to these substances. In regard to 
morphine, we must repeat that there is no foundation for the claim of an increased 
susceptibility of 400 to 500 times in adrenalectomised rats, and that Scott (1923) 
did not confirm Lewis (1921), but if anything has shown the opposite and has added 
evidence supporting our opinion. Scott’s published experiments show no such dim- 
inution in the M.L.D. as Lewis claims, and it is astonishing that he should have seen 
in them confirmation of Lewis’ conclusions. 


Histological changes have been observed in the adrenals following cer- 
tain infections or intoxications. These may be important, but it is risky 
to make physiological deductions from histological evidences alone. Thus, 
we have seen degenerative changes in cortical cells of fragments of adrenal 
that have been spared during adrenalectomy. This is to be expected, 
and since such remnants of adrenal can, by an inexperienced worker, be 
mistaken for accessory glands it would be misleading to assume that these 
changes are associated with function of the adrenal tissue. 

The eventual onset of a serious intoxication after removal of the adrenal 
glands has been demonstrated from the recent studies by Rogoff and 
Stewart (1925, 1926a, 1926b) on adrenalectomised dogs. In such animals 
the clinical progress, the development of a severe gastro-intestinal upset, 
changes occurring in the blood, relief of symptoms and prolongation of 
life by intravenous administration of physiological salt solutions, and the 
post-mortem findings may be interpreted as evidences of a profound intoxi- 
cation due to loss of adrenal function. Whether this intoxication may 
itself be due to the loss of a hormone cannot be settled at present. 

We were led to examine the influence of adrenalectomy on the suscep- 
tibility to tetanus toxin by the fact that in a large number of animals the 
loss of the adrenals leads to the same symptoms as are evoked by this toxin. 
If suppression of adrenal function gives rise to the accumulation of toxic 
products which poison certain structures, it seemed not improbable that a 
toxin that acts in a similar manner might be less easily tolerated after adren- 
alectomy. There has been up to the present time, no satisfactory evidence 
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of an altered susceptibility to tetanus toxin after adrenalectomy. Marie 
(1912) reported a neutralising effect, in vitro, of adrenalin on tetanus toxin 
Tawara (1921), however, found that this influence was due to acid present 


TABLE 1 
Bilaterally adrenalectomised rats in which no accessory glands were found post-mortem 


NUMBER OF 
ANIMAL 


1041 
1043 
1048 
1049 
1050 
1111 
1112 
1064 
1065 
1067 
1072 
1073 
1077 
1088 
1091 
1097 
1101 
1102 
1103 
1104 
1114 
1115 
1116 
1124 
1125 
1084 
1106 
1108 
1109 
1110 
1121 
1123 


* Sacrificed. 


WEIGHT IN LABORA- WEIGHT WEIGHT TESTED 
WHEN /|TORY BEFORE WHEN WHEN AFTER 
RECEIVED | OPERATION | OPERATED INJECTED 
grams days grams grame ce. days days 
115.5 3 122.0 123.0 0.1 3 44* 
114.5 3 121.6 141.5 0.1 13 44* 
127.5 3 133.0 166.5 0.1 13 44* 
113.0 3 130.0 174.0 0.1 13 44* 
116.5 3 129.8 73.5 0.1 13 14* 
124.5 17 177.0 157.5 0.1 4 1] 
115.5 17 187.0 184.5 0.1 4 32* 
114.0 3 118.4 110.0 0.25 13 16 
114.5 3 123.0 178.0 0.25 13 44* 
112.5 4 120.0 153.0 0.25 24 36 
110.0 4 110.0 122.0 0.25 24 33 
123.0 4 132.5 166.0 0.25 12 | 
115.5 4 133.0 201.0 0.25 24 44* 
111.0 4 112.0 110.0 0.25 24 30 
120.0 16 177.8 172.5 0.25 5 32* 
116.5 16 168.8 144.0 0.25 12 14 
125.0 16 190.0 153.0 0.25 12 14 
117.5 16 72.0 228.0 0.25 12 29 
126.0 16 174.5 187.5 0.25 12 32* 
114.5 16 183.0 206.5 0.25 12 32° 
115.0 17 | 190.0 186.0 0.25 4 10 
124.0 17 178.0 168.5 0.25 4 15 
123.5 17 180.0 162.5 0.25 4 9 
117.0 ae 190.0 189.5 0.25 11 26 
114.0 17 181.5 154.0 0.25 11 14 
113.5 4 124.0 190.0 0.5 24 iD 
117.0 17 172.5 194.0 0.5 1] 18 
128.5 17 183.5 170.0 0.5 1] 16 
120.0 17 189.0 194.0 0.5 11 18 
113.0 17 164.0 190.0 0.5 11 17 
109.0 17 180.5 153.0 0.5 11 16 
17 175.0 5 0.375 11 15 


114.0 


146 


+ Escaped from cage on 18th day and was killed by a dog. 


as a preservative in the adrenalin solutions. 
medulla of the adrenal is very important in this question, for it is well 
established that the indispensable function of the glands is in the cortex, 


It is not very likely that the 
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since animals live indefinitely, in perfect health and behavior, after the 
epinephrin secretion of the adrenals has been greatly interfered with or 
abolished. 

We employed albino rats. Thirty-nine unoperated animals were used 
as controls and to determine the M.L.D. of the toxin. Eighty-six rats were 
operated; in sixty-seven both adrenals were completely excised, in fourteen 


TABLE 2 
Rats in which partial adrenalectomy was performed or accessory cortical tissue 


found post-mortem 


DOSE OF DIED OR 


WEIGHT IN LABORA- | WEIGHT WEIGHT TESTED 


NUMBER OF 
WHEN  /TORY BEFORE WHEN WHEN AFTER 
ANIMAL ADMINIS- AFTER 
RECEIVED | OPERATION | OPERATED NJECTED OPERATION 


days days 
13 44* 
13 44* 
13 44* 
5 32* 


‘ 


32* 
31* 
44* 
44* 
35 
44* 
44* 
31 
10 
35 
31 
14 
14 
16 
18 


grams days grams grams 
1045 111.0 3 120.0 148. 
1047 121.0 3 131.5 168 
1061 111.5 3 5 160 
1095 106 16 175 171. 
1096 118 16 174 175.! 
1098 126 16 174. 180 
1113 116 17 180.0 183 
1053 113 118.5 190 
1068 121 130.0 200 
1063 129 183 
1085 132 194 
1090 114 166 
1092 173 .£ 
1093 156 
1076 116 200 
1079 190 
1107 108 140 
1118 115 135 
1119 112 147 
1120 112 208 


oo 


or or or 


3 
3 
3 
4 
4 


or 
on 


NINN 


* Sacrificed. 

In rats 1045, 1085 and 1118 accessory cortical tissue was found; 1096, 1098 and 1113 
one adrenal only removed; 1053 and 1068 laparotomy and traumatization performed in 
the region of the adrenals (included in table for convenience); in all the others a por- 
tion of one gland was spared and was usually found more or less hypertrophied at 


autopsy. 


a portion of one gland was purposely spared, in three one adrenal only was 
excised and in two laparotomy was performed without removing the adre- 
nals. All the surgical operations and post-mortem examinations were 
performed by one of us (R) and the toxin was prepared, standardised and 
administered by the other (E), each keeping separate notes on his part of 
the investigation until the experiments were completed. 


0 
0 
0 5 
0 4 
0 24 
0 24 
0 13 
0 24 
0.85 24 
0 5 
0 | 5 
0 24 
0 24 
0 1] 
0 1] 
0 11 
0 1] 
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The toxin was a dry powder, kept in a brown sealed ampoule in 
refrigerator for over a year before being used. Its toxicity was determined 
in January and again in June and there was no difference in the M.L.D 
A stock solution was prepared containing 80 mgm. of the powder dissolved 
in 100 ce. sterilised physiological saline. For administration, this was 
further diluted 1 to 10 and the dose used was in each case made up to a 
volume of 1 ec. with salt solution before injection. In all the animals the 
toxin was injected intramuscularly, in the inner aspect of the left leg. To 
determine the M.L.D. doses ranging from 0.1 ec. to 2.0 ee. of this 1:10 
dilution were given to rats weighing in the neighborhood of 150 grams, 
average. We found that all doses of 0.5 ec. and higher were fatal. The 
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Fig. 1. Distribution of deaths in adrenalectomised rats 

Total number of rats with complete adrenalectomy, 60. Injected with tetanus 
toxin, 32. Not injected, 28. 

Doses of tetanus toxin are indicated by the smaller dots as follows: one dot, 0.1 cc.; 
two dots, 0.25 cc.; three dots, 0.375 ec.; four dots 0.5 ec. (M.L.D.) 

The number within the square indicates the number of days following adrenal- 
ectomy in which the toxin was injected. 

The animals indicated in columns A and B were sacrificed, 32 and 44 days, respec- 
tively, after adrenalectomy. 

The numbers along the horizontal axis represent days after adrenalectomy and 
the vertical indicate the number of rats. 


M.L.D. determined at 0.5 ec. caused local paralysis in one day, later arching 
of the back and general tetanus, followed by death after about 5 to 6 days. 
Doses of 0.1 ec. and 0.25 ec. caused local paralysis and with the latter dose 
frequently general tetanus, but the animals recovered. 

The technique employed for adrenalectomy in rats is sufficiently de- 
scribed in a previous paper (Rogoff and De Necker, 1925). Of the 125 
rats used in this investigation, 102 were obtained from one source of supply, 
the others were raised in this laboratory. The operated and control ani- 
mals were kept in a light, well-ventilated room, in individual cages, and in 
all respects under similar conditions. The diet was the same as described 
in the above-mentioned paper. Rats thrive and keep in excellent health 
on this diet and under these conditions, whether unoperated or surviving 
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the loss of their adrenal glands. This is illustrated in tables 1 and 2 by 
comparing the weights of the animals when received in the laboratory with 
their weights at the time of operation and when injected with the toxin. 
Our experiments show that there is no significant difference between 
unoperated rats and rats that were subjected to total or partial adrenalec- 
tomy in their tolerance to tetanus toxin. Of the thirty-two operated rats 
in which post-mortem macroscopic examination failed to reveal the pres- 
ence of any adrenal tissue (table 1), seven were injected with one-fifth, 
eighteen with one-half and seven with the full M.L.D. of the tetanus toxin, 
four to twenty-four days after excision of the adrenals. The distribution 
of deaths among these animals, together with twenty-eight adrenalec- 
tomised rats in which accessory adrenal tissue was not found post-mortem 
and which did not receive tetanus toxin, is illustrated in figure 1. The 


Fig. 2. Distribution of deaths resulting from complete adrenalectomy in albino 
rats. 

The numbers along the horizontal axis represent days after adrenalectomy and the 
vertical indicate the number of rats. 


larger dots represent untreated rats, and the animals injected with the 
toxin are indicated by the numbers within the squares, each number cor- 
responding to the number of days following adrenalectomy, in which the 
toxin was injected and representing an animal. The smaller dots below 
these numbers indicate the dose of toxin administered. One rat is not 
included in the figure. It got 0.25 ec. of the toxin on the 12th day after 
adrenalectomy; on the 18th day it escaped from the cage and was killed 
by a dog. 

Comparing this figure with figure 2, which shows the distribution of 
deaths among ninety-nine adrenalectomised rats (reported by Rogoff and 
De Necker) in which no adrenal tissue was found post-mortem (macro- 
scopically), it will be seen that, with doses of tetanus toxin up to the 
M.L.D., there is practically no difference in the usual survival periods of 
adrenalectomised rats between those injected with the toxin and untreated 
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animals. Details of the experiments on the thirty-two completely adren- 
alectomised rats are given in table 1. 

In preliminary experiments we administered one-fifth M.L.D. 0.1 ce 
of the toxin to seven rats that were surviving double adrenalectomy. Two 
were injected on the 28th day, one on the 57th day, one on the 59th day 
two on the 60th day and one on the 78th day following the operation. All 
developed local paralysis but recovered completely and were sacrificed 
more than two months later. At autopsy, one rat that was injected on 
the 28th day and one on the 60th day were found to possess accessory corti- 
cal tissue, the others showed no macroscopic adrenal tissue. Among ani- 
mals that survive adrenalectomy longer than about four or five weeks, 
macroscopic accessory adrenals are more commonly found. To test the 
statements in the literature, regarding tolerance to poisons in partially 
adrenalectomized animals, we included a number of animals that were 
subjected to incomplete removal of the glands. Since we found no differ- 
ence in susceptibility to tetanus toxin after complete adrenalectomy it 
could not, of course, be expected that these animals would show anything 
else. But they will serve very well as operated controls. Three were 
adrenalectomised on one side only, in twelve a portion of one adrenal 
gland was spared and in two laparotomy was performed and the region of 
the adrenals traumatized but the glands were not excised. Three rats, in 
which double adrenalectomy was performed but in which accessory adre- 
nals were found post-mortem, are included with these animals in table 2. 
Tetanus toxin was administered in these animals, as in the completely 
adrenalectomised rats, in doses of one-fifth to the full M.L.D. It will be 
seen from table 2 that all the rats survived one-fifth of the M.L.D. of 
toxin and of seven animals that received one-half M.L.D. only one died 
within the usual killing time of the toxin. 

The shortest survival periods, following adrenalectomy are seen among 
the animals that lost weight before or after the operation or that had 
failed to gain before being operated. This is true whether or not they 
were injected with tetanus toxin. Of the animals that continued to gain 
in weight after removal of the adrenals, many of those that were injected 
with the toxin, in doses below the M.L.D., recovered from the effects of 
the toxin, some of them dying later (at about the same time as untreated 
adrenalectomised rats), others living till sacrificed on the thirty-second 
and forty-fourth days. 

From the foregoing, it will be seen that there is no foundation for the 
statements found in the literature that there is an increased susceptibility 
to tetanus toxin following partial or complete adrenalectomy. Such 
statements are chiefly the result of poorly executed experiments, inade- 
quate controls and a failure to recognize some of the important factors 
(surgical) which contribute to early death of operated animals. 
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SUMMARY 


The susceptibility to tetanus toxin after adrenalectomy, in albino rats, 
was investigated. One hundred twenty-five rats were used. Thirty- 
nine unoperated animals were employed as controls and to determine the 
M.L.D. of the toxin; eighty-six were operated. In sixty-seven both 
adrenals were completely excised, in fourteen a portion of one gland was 
purposely spared, in three only one adrenal was removed and in two lapa- 
rotomy was performed without removing the glands. 

Tetanus toxin was administered in doses ranging from one-fifth to the 
full M.L.D., four to twenty-four days following excision of the adrenals. 
To eliminate possible personal factors, the toxin was prepared, standardised 
and administered by one of us (E) and the surgical operations and post- 
mortem examinations by the other (R), each keeping separate notes on his 
part of the investigation until the experiments were entirely completed. 

We conclude that there is no foundation for the statements found in 
the literature that partial or complete adrenalectomy results in an increased 
susceptibility to tetanus toxin. 
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The blood is as remarkable for its constancy of composition as for its 
complexity. The importance of its ability to maintain the constant 
internal environment, the ‘‘milieu interieur”’ of Claude Bernard, so essen- 
tial to the normal and uniform functional activity of the tissues, has long 
been recognized. In a volume of fluid continuously renewed and re- 
placed it is indeed remarkable that the great variety of dissolved sub- 
stances should deviate so slightly under the widely varying conditions 
involved in the daily cycle of food intake and of removal of waste. 

An enormous amount of investigation has been carried out in an effort 
to determine the different mechanisms governing the composition of the 
blood. Particular emphasis has been placed on the control of the water, 
protein, and salt content, the reaction, the regulation of the amino-acids, 
urea, and other nitrogenous constituents, the sugar and fat content, and 
the gas exchange. 

The constancy of the volume of the blood has been accepted, but data 
relative to volume changes in the living animal have been difficult to 
obtain. The recent development of simple methods for determining the 
quantity of the circulating blood or plasma affords an opportunity for 
the consideration of changes in the volume as well as in the composition 
of the blood. 

Changes in the water content of the blood have been studied from many 
different angles. Keith (1919) and more recently Cannon (1923), among 
others, have emphasized the changes in the volume and composition of the 
circulating blood associated with surgical or traumatic shock. Marriot 
(1923) and Utheim (1920) have studied the effects of the similar changes 
observed in connection with anhydremia and severe nutritional disturbance 
in infants. Keith (1924) has also studied in detail the dehydration experi- 
mentally produced by the intravenous injection of a strong solution of 
sugar. By this means he was able within a few hours to produce a loss 
of from 7 to 10 per cent of the animal’s entire store of water, together 
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with a reduction of 40 per cent in the total volume of the blood. With 
such great reduction in the volume of the circulating fluid the mechanical 
effects on the circulation are of paramount importance. 

The presence of a true hydremia in cases of edema of renal origin has 
been postulated since the time of Bright. The concentration of proteins 
in the plasma may be low in such cases, but the recent studies of Linder, 
Lundsgaard, van Slyke and Stillman (1924), and of Brown and Rown- 
tree (1925), have shown that this is due to a decrease in the absolute as 
well as the relative amount of plasma proteins, and not to an increase in 
the plasma volume. 

There is a temporary increase in the blood volume after the intravenous 
injection of a physiologic solution of sodium chlorid. Plesch (1909) has 
made this the basis of his method of determining the blood volume. This 
increase, however, is transitory, for the injected fluid leaves the blood 
stream with extreme rapidity. Bogert, Underhill and Mendel (1916) 
found that in rabbits the normal blood volume is restored within thirty- 
five minutes following the intravenous injection of an equal volume of 
sodium chlorid solution. In dogs the restoration of the blood volume 
occurred within forty-five minutes. However, if an excessive amount of 
such solution be given intravenously (Cohnheim and _ Lichtheim, 
1877, injected amounts up to 92 per cent of the initial body weight of the 
animal) the protective devices of the body may fail and hydremic plethora 
as described by Cohnheim and Lichtheim, Magnus (1899), Plesch, and 
Bayliss and Starling (1894) develops. This condition of hydremic ple- 
thora can be produced by the intravenous injection of physiologic sodium 
chlorid solution only, since distilled water produces rapid and fatal 
hemolysis. 

Changes in the blood produced by the oral administration of water have 
not been consistently demonstrated. Jones, in 1887, observed a decrease 
in the specific gravity of the blood following the drinking of 700 cc. of 
water. Strauss and Chajes (1904) found a slight decrease in the refrac- 
tive index of the serum after the ingestion of one liter of water. Engel 
and Scharl (1906), on the other hand, gave from 1000 to 1400 cc. of mineral 
water without decreasing the refractive index of the serum. MacCallum 
and Benson (1909) took quantities of water up to 2000 ce. without causing 
demonstrable changes in the erythrocyte count. Robertson and Bock 
(1919) found that forcing the intake of fluids after a severe hemorrhage 
hastened the restoration of the normal blood volume, while Underhill 
and Kapsinow (1922) and Underhill and Roth (1922) have obtained 
similar results when the blood has been concentrated in consequence of 
deprivation of water. Veil (1916) reported the effect of the intake of 
6250 cc. of water daily for eleven days with an otherwise constant diet. 
He found a slight reduction both in the hemoglobin content of the blood 
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and in the serum protein. Pakwin (1922) gave normal infants from 30 
to 35 ec. of water for each kilogram of body weight, and in ten of twelve 
experiments there was a reduction in the refractive index of the serum 
Perhaps the most striking experiments in this connection were those ot 
Haldane and Priestley (1915-1916). They gave 5500 ec. of water in a 
period of four hours and secured marked diuresis, the urinary output at 
one time being at a rate of 2500 cc. an hour. Even with this great water 
transport they were unable to demonstrate any associated change in th 
hemoglobin content of the blood. They concluded that in normal persons 
the water content of the blood is practically constant and cannot be affected 
by drinking water. The chemical control exercised by the kidneys they 
consider comparable in sensitivity to the response of the respiratory center 
to minute changes in carbon dioxid concentration. This experiment was 
later confirmed by Adolph (1921). 

The quantities of water taken by Haldane and Priestley represent max- 
imal amounts for a normal person. Miller and Williams (1921) reported 
the development of untoward symptoms in patients with hypertension 
and nephritis following the ingestion of large amounts of water, 10 liters 
aday. Weir, Larson and Rowntree (1922) reported similar symptoms and 
the development of convulsions in patients with diabetes insipidus who 
maintained a high intake of water after the polyuria had been controlled 
by the use of pituitary extract. Rowntree (1923) has particularly studied 
the effects on animals of the forced ingestion of excessive amounts of 
water. Marked toxic manifestations were regularly produced in all 
laboratory animals studied by him (dogs, cats, rabbits, guinea pigs) and 
described under the name of water intoxication. 

In the present experiments water has been given to dogs in amounts 
greatly in excess of any physiologic need. The response of the body to 
quantities greater than can adequately be cared for by the normal physio- 
logic mechanism has been studied. Only the effects on the blood as a 
whole are reported here 

THE EXPERIMENTAL PROCEDURE. The conditions of the present ex- 
periments were those described by Rowntree. Distilled water in quanti- 
ties of 5 per cent of the body weight was given to dogs by stomach tube 
at half-hourly intervals. The day preceding the experiment water but 
no food was allowed. Blood samples were taken from the jugular vein at 
the beginning, at three-hour intervals, and at the termination of the ex- 
periment. Half-centimeter quantities were drawn hourly for the hemo- 
globin estimations. The administration of water was continued for from 
five to eight hours, depending on the condition of the animal. A final 
sample of blood was taken twenty-four hours after the initial specimen and 
before the dog was fed. A large number of blood constituents were 
studied, but the number of determinations in any one experiment was 
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TABLE 1 
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Changes in blood concentration following the administration of excessive 


TIME 


WATER ADMINISTERED 


Normal 


8:30 550 
9:00 550 


1 hour 1,100 


9:30 | 550 
10:00 | 550 


Dog 3. 


| WEIGHT 
| 
| Hemoglobin 


amounts of water 


SERUM 


March 10, 1923 


| Albumin-globulin ratio | 


Scale 


20°C, 


Refractive index, 20°C. 


| Relative viscosity, 


| Surface tension. 
reading 


| 


3473| 


REMARKS 


2 hours 2,200 


10:30 | 550 
11:00 | 550 


3 hours | 3,300} 11.8 


1 .3475|1..72/32:68| 89 


Vomited irregu- 
larly 


11:30 550 
12:00 550} 


Vomited irregu- 
larly 


4 hours 


12:30 550 
1:00 | 


5 hours 
1:30 
2:00 550) 


4,950 


6 hours 5,500 


2:30 550 
3:00 550 


7 hours 16 , 600 


3:30 | 550 
1:00 | 7,1! 


12.3] 84.1]1.3447|1.55 


Salivated; vom- 


ited 


Salivated; vom- 
ited 


82 .3456)1 .63)25:75| 90 93.410 


Salivated; vom- 
ited 


1 .3465|1 .66/30:70! 86 |106.0/0.613) Recovered 


28:72] 91 


212 
| BLOOD | 
ae 
| 
it | 
| 
ia a | 
| ce. kgm. | | | 
| 11 .0/100.0}1 . 74|08:79| 87 |109.8)0 629} 
94.4 | | | 
88.6 | 
| | 
| 4,400 89.0 | | 
| | = 
| 12.8 | 577 
|_| 
Shours |_| — 95.1\0.570| 
26 hours | | | 
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limited so that not more than 50 cc. of blood was taken during its course 
Large animals were used and the quantity removed was not sufficiently 
great of itself to cause changes in the composition of the blood. Control 
experiments were made at other times, in which the same animals were 


TABLE 2 
Changes in blood concentration following the administration of exce e amounts 
of water 


Dog 4. March 14, 1923 


| BLOOD | SERUM 
& = 
TIME | | | | 39 REMARKS 
ec. | cc, | kom. | Per | "per 
| | 
Normal | 11.0100.0)1.3472| 1.71) 90 |106.2)0 594; 631 
8:30 | 550 | 
9:00 | 550 | 
1 hour 1,100) | 92 0} 
9:30 | 550 | | | 
10:00 | 550 | 
| 
10:30 | 550} | | | | 
11:00 | 
3 hours | 3,300! | 86.7|1.3451) 1.56] 92 | 90.6)0.538) 476 
11:30 | 550 Salivated; 
12:00 | 550 | vomited 
4 hours 4,400 75.8 
12:30 | 550 | | | Urinated; 
1:00 | 550 | | vomited 
5 hours | '5,500| 11.1] 78.2|1.3450| 1.56| 94 | 84.310.520| 476 | Convulsion 
24 hours | | | 93.2/1.3470| 1.70} 90 |102.5]0.610| 586 | Recovered 


used and a volume of blood was drawn equal to, or double, that taken in 
the water experiments. 

ANALYTIC METHODS. Hemoglobin estimations were made by using the 
initial specimen as a standard and comparing subsequent samples with it 
in a colorimeter of the Duboseq type. The hemoglobin is reported in 
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terms of the relative, rather than the absolute, amount of hemoglobin 
present. The serum proteins were determined by the refractometric 
method with a Pulfrich refractometer. The protein concentration was 
calculated from the index of Neuhausen and Rioch (1923) rather than that 
of Reiss (1913). A constant correction was made for the non-protein 
constituents of the serum.' The relative viscosity of the serum was 
estimated by the instrument of Hess.*2 The surface tension of the serum 
was measured by the instrument of du Noiiy (1922). The dye method of 
Keith, Rowntree and Geraghty (1915) was used for the estimation of the 
plasma volume and the whole blood volume. Normal determinations 
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Fig. 1. Chart showing the average change in various constituents of the blood in 
percentage of the initial value. 


were made at intervals of several dayS before the administration of the 
water, and the average of two or three concordant determinations was 
taken as representing the mean normal plasma volume. Plasma volumes 
were determined at the end of the experiment. The hemoglobin was 


1 It seems probable that the non-protein constituents of the serum decrease slightly 
during these experiments. The value of this decrease was not determined; how- 
ever, such change if present would not introduce an error greater than 1 per cent in 
the value for the serum proteins and so may be disregarded. 

2 Hemolysis causes a marked increase in the viscosity of serum, hence hemolyzed 
specimens were discarded. Hemolysis, when present, was found in individual tubes 
only, and was due to manipulation of the blood sample. There was no evidence of 
intravascular hemolysis in any of the experiments. 
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measured at the beginning of these experiments, but no other blood 
samples were taken. These experiments, therefore, also serve as a con- 
trol to the effect of the blood samples taken in connection with the chem- 
ical studies. 

EXPERIMENTAL DATA. The experimental results are presented chiefly 
in tabular form. Protocols of two typical experiments are given in tables 
1 and 2 and in figure 1 In tables 3, 4, 5 and 6, the changes in each of the 
constituents of the blood are shown in more detail. 

Hemoglobin (table 3). All the constituents of the blood studied show 
striking changes during the course of the experiments. The hemoglobin 
content of the blood is readily determined with accuracy, and has been so 
extensively used as an index to changes in the concentration of the blood 
that it is presented first. Many observers have reported on diurnal 
variations in the hemoglobin content of the blood (Dreyer, Bazett and 
Pierce, 1920; Rabinovitch, 1923-1924; Chanutin, Smith and Mendel, 
1924). These variations are well shown in the control animals studied 
by us. Under the present experimental conditions these variations ap- 
peared irregularly, and in a series of animals the average was but little 
affected by the changes in the different individuals. 

Following the administration of water by mouth there is a rapid and 
progressive fall in the hemoglobin concentration in the blood. This 1s 
most marked during the first two hours, but persists if the forced ad- 
ministration of water is continued. The maximal decrease in the hemo- 
globin varies from 10 to 20 per cent in the different experiments, but is 
about 15 per cent on the average. Very little increase was noted after 
the fourth hour, although in some instances the experiments were con- 
tinued for eight hours. The recovery was rapid and complete although 
not followed in detail. Within twenty-four hours the hemoglobin con- 
tent of the blood returned on the average to 96 per cent of the original 
value. 

It is generally accepted that experimentally induced changes in the 
specific gravity and total solids of the whole blood are accurately paralleled 
by changes in the hemoglobin content. These physical properties of the 
blood were not studied extensively, but individual experiments indicated 
that there was a definite decrease in both. The hematocrit reading either 
was unchanged or was decreased slightly. 

Serum protein (table 4). The total quantity of serum proteins decreased 
from an average of 6.8 per cent to 5.9 per cent during the experiment. 
There was complete recovery by the following day. This represents a 
decrease of about 15 per cent in the amount of proteins normally present. 

The relative viscosity of the serum (table 5) changed on the average 
from 1.79 to 1.65 during the experiment. Recovery was complete by the 
following day. If only the increase over the viscosity of water, which 
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TABLE 3 
Changes in the relative hemoglobin concentration following the administration of 
excessive amounts of water 


TIME IN HOURS 


4 5 6 


Per cent of normal value 


Control 100 | 100 | 39 | | 90! 96! 100! 100 | 102 
Control 2 ....} 100 | 10: | 100 | 102 | 115 | 106 | 100 
Control : ....| 100} 95 | 105 | | 103 | 98 | 95 | 

Control 4....... 100 | | 98 | 101 | 101 | 99} 99 | 101 


Average odes | 100 | 9¢ 98 | 100 | 103 | 100 | 101 | 102 


Experiment 1... 100 8: | 81 
Experiment ‘ 100 | | gs 83 8s | | 
Experiment 100 | 9% ¢ 8! | 83 S4 
Experiment | 100 |} 92 | 78 | | 
Experiment ! ; ..| 100 ( | 78 | 78 
Experiment 6 ¢ ¢ 90 
Experiment 8° 
Experiment 90 


Experiment 


Average 100 94} 90 | 


TABLE 4 


Changes the serum protein following the administration of excessive amounts of water 


TIME IN HOURS 


NORMAL 


VALUES 5 


Grams for each 100 ec 


Control 1....... 10 
Control 3 ).80 
Control >.60 


Per cent of normal value... 


Experiment 
Experiment 
Experiment 
Experiment 
Experiment 
Experiment 
Experiment 10.. 


Average 


Per cent of normal value... 
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| 
| MAL 1 2 | 7 8 24 
| | 
100 
111 
101 
95 
95 
93 
99 
97 
94 
102 
SD 100 95 90 | 99 
90) 82) | 86 | 83] 96 
2 
| 
| 
| 0.49 6.45 6.15 
7.03 6.77 6.98 6.77 
| 6.97 | 6.68 6.13 6.18 
ee | 7.00 | 6.63 6.52 | 6.51 
eel ;} 100 | 104 99 97 «| 99 
| 6.70 | 5.35 5.15 | 6.45 
ere | 7.15 | 6.55 | 6.45 7.50 
+e eee | 7.10 6.50 | 6.30 | 6.50 
eae | 6.90 | 7.40 5.80 5.95 7.35 
| 7.20 | 6.75 
image | 6.81 | 6.37 5.87 5.53 6.75 
po | 100 94 87 eo | 99 
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AFTER FORCED 


BLOOD CHANGES 


is a measure of the amount of serum proteins, is considered, then the 
percentage change in the serum protein is similar in magnitude to that 
indicated by the change in the refractive index. The constancy in the 
relationship between these two readings would indicate that there was no 
disturbance in the albumin-globulin ratio of the serum during the course 
of the experiments. 

The determinations of variation in the surface tension of serum were 


TABLE 5 
Changes in the viscosity of the serum following the administration of excessive 


amounts of water 


TIME IN HOURS 
telative viscosit 
Control | 1.90 1.90 1.90 1 92 
Control 2 1.72 1.72 1.65 1.72 1.70 
Control 3 ; P | 1.80 1.80 1.75 1.75 1.80 
Control 4 1.70 1.80 1.77 1 68 1.68 
Average increase over viscosity | 
0.78 | 0.77 0.78 0.78 0.78 

Experiment 1.. 1.76 | 1.61 1.59 1.72 
Experiment 2.. 1.91 1.85 1.85 1.96 
Experiment 3........... 1.74 1.72 1.63 1.55 1.66 
Experiment 4 1.71 1.56 1.56 1.70 
Experiment 5.. 1.80 | 1.73 1.69 1.78 
Experiment 7. 1.80 1.84 1.80 1.70 1.85 
Experiment 9.. lio 1.65 1.79 
Experiment 10 1.85 ej 1.70 

Average 1.72 1.65 1 63 1.79 

Average increase over viscosity | 

of water..... 0.65 063 | 0.79 
Per cent of initial increase. . 100 | 92 | 83 s0 100 


not satisfactory because of difficulty in controlling the “‘time-drop” de- 
scribed by du Noiiy. Preliminary experiments indicated a probable 
increase in the surface tension following the administration of water, but 
because of the deviations in the method used the surface tension was not 
studied in detail. 

Plasma volume (table 6).—The extent of the increase in the plasma 
volume varies in the different individual experiments, but in general 
the change is proportional to the degree of change in the hemoglobin con- 
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centration. In this series the increase on the average was from 695 to 
790 cc., or 14 per cent. In these experiments only one blood sample was 
taken. They serve, therefore, as an additional control of the experiments 
in which the changes in the blood were followed in more detail. The 
plasma volumes observed in these experiments were approximately equal 
in magnitude to those found by Lee, Carrier and Whipple (1922). They 
gave dogs large amounts of water over a period of from three to three and 
a half hours, and found a decrease in the hematocrit reading and an in- 
crease in the plasma volume of 16 per cent on the average. 


TABLE 6 
Changes in the plasma volume and blood concentration following the administration of 


excessive amounts of water 


RUN ERt 
PLA 14 \MOGLORIN SER 1 SERUM PLASMA 


VOLUME PROTEIN VISCOSITY CHLORIDS 


EXPERIMENT 


tion of water 
tion of water 
f water 
After administra 
tion of water 
Nermal value 
After administra- 


After administra- 
After administra 
Normal value 


Afteradministra- 
tion ¢ 


Normal value 
Normal value 


mgm 


10 670 100 
11 620) 100 
12 190 100 
13 S60 100 
14 100 
15 9°20) 100 
16 100 
17 730; 100 
18 905) 100 
19 610; 100 


Average. 790; 100 


Per cent 
normal 
value 


GENERAL pbiscussion. The individual changes in the different con- 
stituents of the blood, although slight, are remarkably uniform in direc- 
tion, character and degree. The changes noted become the more striking 
when one considers the usually observed constancy of composition of the 
blood and the failure of others uniformly to produce distinctive changes 
in man. This in part may be explained by the larger quantities of fluid 
that can be given to a dog. Lee, Carrier and Whipple observed similar 
changes in the dog, and since our preliminary report (Greene and Rown- 


nti per cent| per cent! per nt 
84 7.3 6.711.392 11.2% 
96 
&9 6.1 4911.65 | 1.50 620 $11 
95 6.5 5.8 1.83 1.74 621 451 
96 155 
S7 7.0 651 $11 
99 606 | 430 
&9 7.6 5.8 | 1.76 | 1.63 620 175 
95 6.0 5.5 1.70 1.59 620 44] 
9] 8.1 7.211.985 | 1.83 
PT 92 6.9 6.0 | 1.£0 | 1.66 633 140 
ot 
S| 100 114, 100 92 100 87 100 83 100 70 
| 
} 
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tree, 1924) these experiments have been confirmed by Chanutin, Smith 
and Mendel, and by Underhill and Sallick (1925). 

No evidence of hemolysis or of increased destruction of erythrocytes, 
such as hemoglobinuria, was observed. The changes in the hemoglobin 
content cannot be explained on that basis. Furthermore, as will appear 
from the tables, the change in the hemoglobin content is accurately 
paralleled by that in the serum proteins. 

The observed changes in the refractive index, viscosity, and surface 
tension of the serum, and of the specific gravity and total solids of the 
plasma, speak for a corresponding change in the percentage of the serum 
proteins. The albumin-globulin ratio in the serum, calculated from the 
refractive index and the relative viscosity by the method of Naegli 
(1919) is unchanged. This would indicate that the serum proteins are 
affected as a whole rather than that there is a disturbance in the propor- 
tion of the individual proteins. 

The changes in the concentration of hemoglobin and of the serum pro- 
teins of necessity must be explained on the basis of a true dilution of the 
blood. The passage of an excess of the ingested water into the blood 
stream is indicated by the similarity in magnitude and the degree of 
parallelism in the changes in these two constituents. Furthermore, there 
is a direct increase in the plasma volume confirmatory of the other evi- 
dence for dilution. 

The evidence of a true dilution of the blood in these experiments supports 
the view that hydremic plethora (oligocythemic hypervolemia) may be 
produced by the oral administration of excessive amounts of water. It is 
clear that the organism is able to compensate for physiologic quantities of 
water, but that when fluid is forced the compensating mechanism may fail 


and hydremia be produced. 


II. ON THE NON-PROTEIN CONSTITUENTS OF THE BLOOD 


In part I we reported the production of hydremiec plethora in dogs 
by the oral administration of large amounts of water. In these animals 
there was an increase in the plasma volume with a corresponding re- 
duction in the hemoglobin content of the blood and in the serum 
proteins. 

The colloidal constituents of the blood, such as the serum proteins, 
are confined to the blood stream, and so respond passively to changes in 
the blood volume. The same is true of the hemoglobin, which is confined 
to the erythrocytes. The crystalloid constituents of the blood, on the 
other hand, may freely pass into and out of the blood stream, and need 
not necessarily respond in the same manner to the hydremia as do the 
colloids. While Haldane and Priestley did not find changes in the 
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TABLE 7 
Changes in constituents of blood and urine following the administration of excessive 
amounts of water 


Dog 183, May 11, 1923. Weight, 7.0 kgm. 


eS | BLOOD SERUM URINE 
= | 
TIME 3 3 REMARKS 
| & 2 a | 
\mgm.| mgm. |mgm.| 
| cc. | cent | Der | Ber, | per) | cent | | cent | 
Normal 100.0) 36 | 681 |12.1| 1.104 0.65 | 
9:00 | 350 | | 
10:00 | 350 
1 hour 700} 85.5 5 
10:30 | 350 | | Vomited 
11:00 | 350 } | | | 
2 hours 1,400} 90.6) | 180 
11:30 | 35 | Vomited 
12:00 | 35 | 4 
3 hours 2,100} 89.7] 30 112.5) 165(0.1850.650 0.01 0.035 
12:30 | 35 | | | Vomited 
1:00 | 350 | 
4 hours 2,800 | 185) 
1:30 | 35 | | Salivated; 
2:00 | 350 ; | | vomited 
5 hours | 3,500] 89.0) 260) 
2:30 | 350 | | 
3:00 | 350 
6 hours | 4,200] 82.6] 18 | 551 |10.9| 240'0.074'0.510! 0.00 |0.000 
3:30 | 350 = 
4:00 | 350 
7 hours | 4,900 82.0) 
4:30 | 350 
5:00 | 350 
8 hours 5,600] 81.4 16 | 541 110.1} 225 0.0560.238/ 0.00 0.000 
24 hours 93.6) 11 | 631 |12.7/1,0400.0630.656) 0.02 0.208! Recovered 
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hemoglobin content of the blood in man after taking large quantities of 

ve water, Priestley (1915-1916) was able to show a slight decrease in the 

electrical conductivity of the serum in these same experiments. Christie 

and Stewart (1922), however, found but little change in the serum of 

patients with diabetes insipidus during periods of thirst or of high water 
intake. 

EXPERIMENTAL PROCEDURES. The administration of water and the 

taking of blood samples was the same as in the previous report. The 


rABLE 8 
: Changes in constituents of blood and urine following the administratior é é 


amounts of water 


Dog 187, June 17, 1923 


a BLOOD SERUM RINE 
= 
= ~ = = 
2| si. sig ig 
al - = Ss 5 - 3 
= = = 3 = pe 
mgm.| mgm.) mor 
ume wer 
r n 
é n 
Normal 10.0 |100.0 25 686 349 38 50)0.731, 2.56) 0.130) 0.45 
9:00 500 
9:30 500 
10:00 500 
10:30 500 
11:00 500 
11:30 500 Sa 
3 hours 3, 000 5.0) 22 511 35 26 24 
12:00 500 
12:30 500 \ omited 
1:00 500 
3 hours 4,500) 10.6 | 90.5) 23 506 20; 24 17,1.290) 0.53) 0.256, 0.108) Convulsi 
24 hours 9.7 191.5! 29 656 331 9 1,000}0.550' 5.50) 0.066 0.660 Recovere 


specific conductivity of the blood serum at 25°C. was determined by the 
use of a modified Ostwald cell and a ten-meter bridge. The cell constant 
was carefully checked against a standard solution of potassium chlorid 
before and after each series of determinations. The cell was especially 
constructed to permit readings on 1 ec. samples of serum. The mean of 
three concordant determinations, each made on a fresh portion of serum, 
was used in the calculation of the conductivity. 

Freezing points were determined in the usual manner. The plasma 
chlorids were determined by titrating the tungstic-acid filtrate according 
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to the method of Smith. The inorganic cations were determined by the 
methods of Kramer and Tisdall. The blood urea was determined by the 
urease method, and the blood sugar by the method of Folin and Wu. 


TABLE 9 
Changes in constituents of blood following the administration of excesstve amount 
of u ale a 
Dog 186, June 13, 1923. Weight of dog, 14.3 kgm 


BLOOD SERUM 


REMARKS 


n for each 


NaCl for 
1 100 ce 


otassiul 


WATER ADMINISTERED 
100 ec 


TOTAL WATER 


Hemoglobin 
Chlorids, 


Normal | 0 


9:30 
10:00 | Vomited 


10:30 
11:00 Vomited 
11:30 
12:00 


3 hours 31 502 308 
12:30 | Watery stool 
1:00 Vomited 
1:30 
2:00 
2:30 
3:00 


Twitched 


6 hours 8,400) 95.2 é 5 Vomited 
3:30 } 
4:00 | | Vomited 


4:30 
5:00 Twitched 


S hours 11,200} §0.0) 22.5 237 Q Vomited 


Recovered 


24 hours | 


EXPERIMENTAL DATA. Protocols of typical experiments are shown in 
tables 1 and 2. The changes in the different non-protein constituents 
are shown in more detail in tables 3 to 15. 

The electrical conductivity of the serum decreased progressively during 
the course of the experiments (table 10). This decrease on the average 


| 
| 
| | 
| per ent mom mgm mgm ” m mow | 
621 wo 21.7 | 
= 
| 
| 102.3] 35.2 | 571 22.8 | 
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AFTER FORCED 


was from 108 to 92 with a return to 102 at the twenty-four-hour r 
This corresponds on the average with a decrease of 15 per cent in the con- 
ductivity of the serum. 

The samples of blood drawn at each time were small, and too little 
serum was obtained to permit of the satisfactory determination of the 
freezing point in all specimens. The protocols of two satisfactory ex- 
periments (tables 1 and 2), however, show that there was an elevation of 
the freezing point during the forced administration of water. The de- 
crease in the molecular concentration of the serum indicated by this 
change in the freezing point is in entire accord with the changes in the 
conductivity. 

The plasma chlorids, calculated as milligrams of sodium chlorid for 


rABLE 10 
( hange 8 in the specific conduct ly of the erum Je ( ng the admir fration of 
erce ive ame 0 ate 
He 
NORMAL 
l 114 95 93 10S 
r 4 07 97 104 
110 104 95 106 
t 106 91 s4 103 
07 99 QS 93 
6 O4 SY 104 
7 111 a0 
Average OS 97 92 92 102 
Per cent of 
normal value 100 G0 s4 R5 95 


each 100 cubic centimeters, on the average decreased from 639 to 500 
during the first three hours of the experiment, and to 484 at the conclu- 
sion (table 11). Recovery was not complete within the time limit studied, 
for they only returned to 576 in the twenty-four-hour sample. 

The concentration of sodium in the serum in the average of four ex- 
periments decreased from 381 mgm. per cent to 277 mgm., a change of 
27 per cent (table 12). This corresponds closely to the changes in the 
chlorids. The potassium content of the serum in one experiment de- 
creased from 24 to 18 mgm., or by 25 per cent (table 9). The changes in 
the calcium (table 12) were not so marked. The average decrease in four 
experiments was from 11.4 to 9.6 mgm., or 16 per cent. 

The loss in alkali was also shown in some experiments by a decrease 
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in the alkali reserve of the serum (table 13). The changes in the carbon 
dioxid capacity of the plasma were quite variable. Many of the animals 
developed rapid shallow respiration, and the varying effects of over- 
ventilation, or other respiratory disturbance or of the convulsions them- 
selves, will serve to explain the observed irregularities in the alkali 
reserve. 

The organic crystalloids in the serum did not show the regularity in 
behavior that characterizes the inorganic salts. The blood urea on the 


TABLE 11 
Changes in the plasma chlorids following the administration of excessive 
amounts of water 
| TIME IN HOURS 


NORMAL 


VALUES 6 | 8 


Milligrams per cent 


‘ontrol 1 663 655 
‘ontrol 2 647 650 
‘ontrol 3 664 628 
‘ontrol 4 : 642 658 


Average 654 


Per cent of normal value d 100 


Sxperiment 8 631 
ixperiment 9 636 
ixperiment 10 681 
‘xperiment 11 621 
ixperiment 12 686 
oxperiment 1: 660 
oxperiment 610 
{xperiment 690 


ixperiment 16 557 
<xperiment 17 618 


I 
I 
I 
I 
I 


Average 


Per cent of normal value -/ 100 


average decreased from 28 to 19 mgm., or 32 per cent (table 14). This 
is the most marked change observed in any of the blood constituents. 
The changes in the blood urea varied widely in the different experiments, 
depending largely on the degree of diuresis produced in the individual 
experiments. When diuresis fails, as in some experiments, the blood 
urea may even be increased. 

The blood sugar was approximately constant during the early portion 
of the experiment (table 15). At the time of the appearance of convulsions, 


| 
|} 2% 
( | 683 700 
( 644 | 710 
( | 645 652 
( | 642 | 628 
a 101 | 99 | 100 103 
476 476 586 
551 521 536 496 
551 541 | 631 
| 502 481 456 571 
| 511 | 506 | 656 
| 515 | 450 525 
| 500 | 450 | 440 
| 504 449 | | 
562 | 448 | 
| 445 | | 
a | 639 | 500 494 | 484 576 
78 | 77 76 90 
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however, the blood sugar increased markedly though the degree of hyper- 
glycemia produced was never extreme. 


TABLE 12 
Changes in the sodium and calcium in the serum following the administration of 
excessive amounts of water 


TIME IN HOURS 


EXPERIMENT NORMAL VALUES | 6 8 


Milligrams per cent 


Sodium 


11 
12 
18 
19 


Average 


Calcium 


Average... 


TABLE 13 


Changes in the carbon diozid capacity of the plasma following the administration 
of excessive amounts of water 


TIME IN HOURS 


EXPERIMENT | NORMAL 6 | 8 


Per cent by volume 


38 
54 


Average.... 46 


GENERAL DISCUSSION. In any interpretation of the effects of hydremic 
plethora (oligocythemic hypervolemia) on the volume and composition 


is 
l- 
li 
n 
e LD, | 
» 422 308 249 237 
342 350 320 321 
384 281 289 | 338 
/ 378 285 252 330 
10 12.1 12.5 10.9 10.1 12.7 
11 10.5 9.4 
18 10.3 9.6 90 | 9.3 9.5 
19 11.4 10.4 10.3 | 10.5 
11.4 | 10.8 | 10.2 | 9.6 10.9 
| 
52 | | 
: 21 48 30 | 
7 15 | 46 38 36 
16 52 39 | 38 | 34 
22 42 39 
S | j 
| 17 | 44 24 | 
. 18 43 | 43 55 44 | 45 
’ 19 48 45 54 49 
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of the blood, distinction must be made between the effect of the dilu- 
tion alone and the response to that dilution, The total amounts of 


TABLE 


Changes in the blood urea following the administration of excessive amounts of water 


TIME IN HOURS 


™ NORMAL 
XPERIMENT VaLUme 3 6 8 


Milligrams per cent 


10 | 1S 16 
11 y 20 22 
12 2: 2 23 

13 é < | 36 

14 16 

17 

15 2¢ 47 

16 ae 

20 

21 


99 


23 

Average 

Per cent of 
normal value 


TABLE 15 


Changes in the blood sugar following the administration of excessive amounts of water 


| 

| | TIME IN HOURS 
NORMAL 

VALUES . 6 8 


EXPERIMENT 


Milligrams per cent 


24 
13 
14 
15 
16 
18 2 
19 93 


90 


Average 


Per cent of 
normal value 100 | 106 


97 


circulating hemoglobin and of serum proteins apparently are not affected 
by the increase in the plasma volume. Changes in the concentration 
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24 

11 

35 

29 

40 

= 15 26 40 
24 28 | 20 | | 
| | 23 27 28 22 29 
100 112 122 96 126 

a 93 99 144 = 
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of these substances, as shown in part I, afford a convenient index to 
the degree of hydremia produced. 

The molecular and electrolytic concentration of the serum, as shown by 
the specific conductivity and the depression of the freezing point, de- 
creases following the administration of water. The changes, however 
are similar in degree to those observed in the hemoglobin, and the differences 
are not sufficiently marked to indicate the influence of factors other than 
dilution alone. 

The salt content of the serum, however, shows striking changes. The 
chlorid content decreases on the average by as much as 25 per cent 
This decrease is nearly double that in the hemoglobin, a variation that 
‘vannot be attributed to the effects of dilution alone. Neither can this 
be explained on the basis of sodium chlorid being washed from the body 
Chlorids are among the threshold bodies and are not excreted in the urine 
when the concentration in the blood plasma falls below this threshold 
level. Some of the dogs in these experiments developed marked diuresis 
(table 7), but the urine rapidly became chlorid-free. Other animals de- 
veloped nearly complete anuria (table 8), even though the water was 
forced according to the routine procedure. In neither instance was there 
a sufficient urinary output of chlorid to account for the changes in the 
blood. <A trace of chlorids is present in the fluid vomited by these an- 
imals, but this again is inconsiderable by comparison with the changes in 


the body asa whole. The relation of the tissues to the changes in the 
blood will be reported on later. 

Underhill and Sallick concur with the view of Rowntree that the develop- 
ment of water intoxication is associated with a disturbance in the salt- 


water equilibrium in the body. Metabolism experiments covering 
twenty-four-hour periods show in general a marked increase in the excre- 
tion of chlorids accompanying the administration of water. That at 
first might seem to explain the whole problem. The study of shorter 
intervals, however, shows that the greater part of the diuresis, and so 
the excretion of salt, may occur during the period of recovery, after the 
development of toxic symptoms and the cessation of the water administra- 
tion. As already outlined, the urinary excretion, especially of chlorids, 
may be minimal at the time of the development of symptoms. 

The sodium and potassium content of the serum decreased in a fashion 
similar to the changes manifested by the chlorids, although the excretion 
was studied less completely than was that of chlorids. The decrease in 
the alkali reserve of the blood may well be due in part to this loss of base. 

The calcium content of the serum does not decrease as markedly as the 
other inorganic constituents studied. The magnitude of the change in 
the calcium is much less than that in the chlorids, and more nearly cor- 
responds to the degree of change in the hemoglobin and serum proteins. 
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The calcium in the serum is partially combined with the protein, and only 
a relatively small proportion is present in the ionized form. This perhaps 
will explain the quantitative difference in the behavior of the different 
salts. 

Different animals show considerable variation in the behavior of the 
urea. When there was no diuresis or actual anuria during the experi- 
ment the blood urea did not change, or even increased slightly. In those 
experiments in which diuresis was marked, the urea content of the blood 
was the most decidedly reduced. The concentration of urea in the urine 
decreased markedly during the diuresis, but not enough to prevent the 
washing out of an appreciable quantity of urea by the excess of fluid. 

-The blood sugar differed from the other constituents of the blood in 
remaining at a constant level, or even increasing slightly, with the de- 
velopment of hydremia. The mechanism normally regulating the blood 
sugar level is not affected by the administration of water and the dilu- 
tion is amply compensated. 


CONCLUSION 


From these experiments it seems evident that in dogs the forced adminis- 
tration of excessive amounts of water produces demonstrable changes in 
the volume and composition of the blood. This dilution is shown by a 


reduction in the hemoglobin and serum proteins as well as by an increase 
in the plasma volume. The electrolytes in the serum are likewise reduced 
but the concentration of chlorides and sodium decreases to a greater ex- 
tent than would be expected from the degree of dilution. The behavior 
of the non-electrolytes, urea and sugar is apparently determined by factors 
other than the dilution and so is partially independent of the water 
administered. 
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The body temperature is one of the physiologic constants of the organism. 


Heat is liberated by the oxidation of the different metabolites, the rate 
of its production depending on various factors such as the available food- 
stuffs and their varying dynamic action, the effect of endocrine products 
and the energy demands of the body. The distribution of this heat through 
the body and its final dissipation is made possible largely through the 
thermal properties of water, which constitutes such a large proportion 
(more than 75 per cent) of the body weight. 

The water content of the body likewise is a constant, for although 
water normally is ingested in amounts greater than required by the body, 
the excess is excreted with great rapidity and the water balance thus main- 
tained at the level of maximal physiologic efficiency. Numerous observers 
have reported the effects of deprivation of water but it is only recently that 
Rowntree (1923) has pointed out the possibility, as in these experiments, 
of forcing water ingestion to such a degree that physiologic disturbances 
result. 

Henderson (1913) has emphasized the importance of the characteristic 
physical and chemical properties of water for the maintenance of life. Dis- 
tribution and dissipation of heat throughout the body is made posssible by 
reason of the mobility and ideal thermal properties of water, that is, the 
high specific heat which favors storage, the high thermal conductivity which 
provides for a rapid equalization of temperature within the tissues of the 
body and the extreme heat of vaporization which favors the rapid elimina- 
tion of heat (Barbour, 1921). 

The regulation of the dissipation of heat is under the control of the 
nervous system acting through 1, the vasomotor mechanism which deter- 
mines the distribution of blood throughout the tissues and particularly the 
peripheral flow; 2, the sudatory mechanism which controls the secretion of 
sweat, which in man is of especial importance in temperature regulation, 
and 3, the respiratory mechanism for the evaporation of water through 
the lungs. The insensible perspiration, which is important in animals 
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such as the dog. The nervous control of these different mechanisms 
acting either peripherally or on the medullary centers, is responsible for 
the homothermic condition of mammals, and destruction of the nervous 
control, as by decerebration, causes its conversion to a poikilothermic state 

The thermal properties of water have been employed in medicine since 
ancient times. In discussing the importance of hydrotherapy in the treat- 
ment of typhoid fever, Osler says, “‘The use of water, inside and outside, 
was no new treatment in fevers at the end of the eighteenth century, 
when James Currie (a friend of Burns and the editor of his poems) wrote 
his Medical Re ports on the Effects of Water, Cold and Warm, as a Remedy 
in Feve rs and other Diseases. In this country it was used with great efiect 
and recommended by Nathan Smith, of Yale. Since 1861, the value of 
bathing in fevers has been specially emphasized by the late Dr. Brand, 
of Stetten.”” In our own time we have witnessed the general adoption of the 
“water treatment” of typhoid fever, inaugurated by Prand. The impor- 
tance of hydrotherapy is now recognized, and also the ingestion of water 
is forced almost as a routine in febrile conditions. The emphasis with 
the latter, however, has largely been placed on the elimination of toxins by 
sweating or an increased excretion of urine. 

Quite another phase of the relation of water to body temperature has 
attracted attention in recent years. Crandall, in 1899, described febrile 
attacks, occurring in infants during inanition, which he showed to be due 
to thirst, for they disappeared on the administration of water. Vinkel- 
stein, in 1908, described fever in children following the administration of 
hypertonic solution of lactose, sodium chlorid or glucose, a condition since 
referred to as salt fever or sugar fever. 

Balear, Sansum and Woodyatt (1919) produced glucose fever in adult 
human beings and in dogs through the intravenous administration of con- 
centrated solutions. They produced fever in animals with a temperature 
of 125.6°F. after the injection of glucose and 111.0°F. after the injection 
of sodium chlorid and lactose. They ascribed the fever to deprivation of 
water with consequent disturbance in the equilibrium between the “‘free’’ 
and “bound” water in the blood and tissues. Keith and Whelan (1926) 
on the other hand, found that, when care is taken to exclude all possible 
extraneous toxic materials in the preparation of the solutions for injection 
marked and rapid loss of water can be produced in dogs without marked 
hyperpyrexia. 

Seibert (1924-25) has made a study of fever producing samples of 
distilled water and has demonstrated the presence of a “pyrogen”’ 
arising from bacterial contamination. Andrews (1926) has also studied 
the salt fevers in animals and emphasized the fact that in experiments on 
dogs care must be taken to avoid interference with the respiratory exchange. 
He was unable to produce marked degrees of fever in animals when 
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the respiration and evaporation from the tongue and mouth were un- 
impeded. Binding the jaws, however, prevented buccal loss of water. 
Such interference with the heat regulating mechanism regularly led to 
the appearance of fever. 

METHODS OF EXPERIMENTATION. ‘The methods employed in the experi- 
ments were those previously described by Rowntree. Water in quantities 
of 5 per cent of the body weight was given to dogs by a stomach tube 
at half-hourly intervals. The temperature of the water in the different 
experiments varied from 0 to 50°C. The room temperature was between 
19° and 24°C. The animals were tied down in as comfortable a position as 
possible and the temperature determined by placing the metal bulb of a 
Tagliabue continuously registering thermometer in the rectum approxi- 
mately 6 cm. above the anal sphincter. The temperature was thus regis- 
tered throughout the course of the experiment. The administration of 
water was continued to the approximate limit of tolerance as shown by the 
onset of convulsions. 

Rowntree has pointed out that the appearance of convulsions and the 
symptoms of “water intoxication’”’ were independent of the temperature 
at which the water was given. In this earlier report temperature readings 
were noted in three animals without significant changes being observed. 
It was only after the adoption of the sensitive recording thermometer 
that the magnitude and significance of the temperature changes appeared. 
The tying down and consequent limitation of muscular activity may also 
be a factor in determining the changes observed. 

CONTROL EXPERIMENTS. Four control experiments were carried out 
with the animals lying quietly in a room at a temperature between 22° 
and 25°C. A characteristic result is shown in figure 1, chart 1. The in- 
itial temperature was 37.9°C. During the course of the first hour it rose 
to 38.3°C. and was sustained at that level for four hours, with a maximal 
variation throughout of 0.1°C. This animai, when given water at a tem- 
perature of 39.0°C., according to the method of administration de- 
scribed, showed a drop in temperature of 1.0°C. in less than four hours. 
Similar control experiments were made by Keith and Whelan. In one of 
our control experiments (fig. 1, chart 2) the initial temperature was 
37.9°C. This dropped within three hours to 37.1°, a decrease of 0.8°C. 
During an actual experiment, when water was given at 39°C. the temper- 
ature dropped from 37.7° to 34.9°, a decrease of 2.8°C. in the course of 
six hours. 

EXPERIMENTAL DATA. The temperature was studied in twenty-eight 
dogs. The results in fifteen of these appear in the accompanying table. 
The circular instrument chart is graduated in degrees Fahrenheit and must 
be read in a clockwise manner. The data in the figure have been trans- 
ferred to a linear chart graduated in degrees for greater ease in reading. 
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Response to water at O°C. Three experiments were carried out with 
water at 0°C. The temperature curves were essentially the same in all, 
that in Figure 1, Chart 3 serving as a basis of discussion. The initial 
temperature of the animal was 39.0°, the lowest 35.4° and the final 36.4°C. 
The decrease in temperature immediately after each dose of water is ade- 
quately shown, as is the attempt of the organism to reéstablish the normal 
temperature level. The convulsions in this particular instance coincide 
with the point of maximal change in temperature, 3.6°C., but this is not 
necessarily so. Convulsions per se have no immediate effect on the tem- 
perature which rises gradually and continuously after the administration 
of water is stopped. 

Response to water at 39°C. Four experiments were carried out with the 
water at 39°C., the maximal decrease in each being 2.9°, 2.3°, 1.7° and 3.7° 
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Fig. 1. Temperative curves of controls and to show the effect of the ad- 
ministration of water at various temperatures. The arrows indicate the onset of 
convulsions. 


C. respectively. Chart 4, figure 1 will serve as an example, the initial 
temperature being 38.3° and the final temperature 35.4°. It will be seen 
that with water at 39.0°C. the body temperature falls continuously, 
although slight irregularities appear following each successive administra- 
tion of water. Convulsions appeared at the beginning of the sixth hour 
during a period of slight, relatively increased temperature, and were fol- 
lowed within the next twenty minutes by a drop of 1.1°C. with a subse- 
quent rise when the administration of water was stopped. 

Response to water at 40° to 42°C. The results of two experiments are 
shown in figure 1, charts 5 and 6, with a maximal decrease of 2.4° and 
1.6° respectively despite the fact that the temperature of the water 
administered was slightly above that of the body. The onset of convul- 
sions had no recognizable influence on the temperature curve. 
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Response to water at 45°C. The response in a single experiment to water 
at 45°C. is shown in figure 1, chart 7. The maximal decrease in temper- 
ature was 0.3°C. while an increase of more than 0.6°C. was recorded at 
one time. The administration of each dose of water caused a slight 
rise in body temperature, with a slow return to the normal. Convulsions 
had no effect on the curve. It would appear, therefore, that water at 
45°C. will sustain the body temperature at an approximately normal 
level even though given in excess. 

Response to water at 50°C. Water at 50° C. is as hot as the animal can 


bear in large amounts without undue discomfort; consequently water at 


Summary of results 
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temperatures greater than this has not been employed. Three experi- 
ments were carried out. Vomiting was marked and consequently the con- 
vulsions were delayed in onset. The temperature remained fairly constant, 
the greatest drop in the three animals being 0.5°C. Figure 1, chart 8 in- 
dicates the course of events. At first a slight tendency to increase in 
temperature is apparent with a return to normal with each subsequent 
injection. For instance in the beginning of the fourth hour, the adminis- 
tration of water was promptly followed by an increase of 0.3°C. then 
by a gradual fall in temperature until it was raised to a similar extent 
by water given again at the end of the next half-hour. Convulsions de- 
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veloped at the beginning of the seventh hour. The final temperature was 
approximately 0.2° lower than the initial reading. 
Discussion. From these experiments it seems evident that the forced 


ingestion of excessive amounts of water in dogs may result in a definite 
decrease in the body temperature even though the water is administered 
at a temperature equal to or even slightly above that of the body. The 


condition of the animals and the development of convulsions preclude 
accurate metabolism studies. There is evidence of increased intracranial 
pressure but no evident increase in the pulmonary ventilation. The an- 
imals are usually depressed or comatose, and cold to the touch. It 
would seem likely, therefore, that the fall in temperature results from 
a decrease in the heat production rather than an increase in the dissipa- 
tion of heat. However, the possible effect of full vessels with increased 
peripheral circulation is not entirely excluded. 

Our previous studies indicate that the forced administration of water is 
associated with an increase in the blood volume and dilution of the blood 
with a further reduction in the inorganic salts. Further studies will be 
necessary to show the relations between such changes and the conceptions 
of the physiologic importance of “‘free”’ and “bound”’ water in the organism. 


CONCLUSION 


A decrease in the body temperature is produced in dogs by the forced 
administration of excessive amounts of water even though the water is given 
at a temperature equal to or slightly above that of the body. 
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